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Our current understanding of ice algae as a carbon source at the base of the Arctic food web is limited 
because of difficulties unequivocally distinguishing sympagic (sea ice) from pelagic primary production 
once assimilated by consumers. For this study, I tested the utility of highly branched isoprenoids (HBI), 
which are unusual lipids produced by diatoms. This includes a biomarker found exclusively in Arctic sea 
ice termed the ice proxy with 25-carbon atoms (IP25) and two other HBIs with sea ice and pelagic sources. 
HBI measurements in the Pacific Arctic (the northern Bering and Chukchi seas) were sparse compared to 
the rest of the Arctic prior to this investigation. Analysis of surface sediments and cores collected across 
the continental shelf revealed a latitudinal gradient of increasing sympagic HBIs. Some of the highest 
concentrations of IP25 recorded in the Arctic were found in the Chukchi Sea. Fluxes of IP25 indicated year-
round export of ice algal lipids in this region. Persistent diatom fluxes and rapid burial of sympagic 
carbon are likely a sustaining resource for infaunal communities throughout the year. As such, HBIs were 
 
 
measured in benthic primary consumers and indicated an elevated utilization of ice algae by surface and 
subsurface deposit feeders, while suspension feeders by contrast showed greater pelagic organic carbon 
utilization. Sympagic organic carbon signatures were largely influenced by the HBI content in local 
sediments. This led to the identification of two species with possible dependencies on ice algae. This 
method was extended to transient, higher trophic organisms by measurement of HBIs in Pacific walrus 
livers harvested during subsistence hunting activities. Relative HBI proportions were shown to relate to 
foraging location and revealed a higher reliance on sympagic organic carbon by female and juvenile 
Pacific walruses relative to males. This is likely due to a greater requirement for sea ice habitat by 
females and calves in the Bering and Chukchi seas. This study showed that HBI biomarkers can robustly 
track sea ice organic carbon contributions through the Pacific Arctic food web and should be considered 
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1. Introduction  
1.1. Sea ice habitat in the Arctic 
Arctic sea ice provides habitat to a wide diversity of organisms (e.g. Horner 1989, Horner 
et al. 1992, Arrigo 2017, Bluhm et al. 2017, Caron et al. 2017). These organisms range from 
the smallest of bacteria, archaea and viruses (reviewed by Deming et al. 2017), eukaryotes 
(Poulin et al. 2011), seabirds (e.g. Divoky et al. 2015, Ramírez et al. 2017), to marine 
mammals (reviewed by Laidre et al. 2015, Laidre & Regher 2017). Not all Arctic organisms 
necessarily live in or on the ice but a number of organisms [e.g. amphipods, Arctic cod 
(Boreogadus saida), bowhead whales (Balaena mysticetus), narwhals (Monodon 
Monoceros)] are dependent on their association with the ice for key life history events 
(Gradinger & Bluhm 2004, Carmen et al. 2016, Laidre & Regehr 2017). The sea ice has also 
been referred to as an inverted benthos because of organisms resembling those on the seafloor 
and benthic species that spend part of their life cycle in the ice (Arndt & Swadling 2006, 
Mundy & Meiners 2021). In the shallow seas across the Arctic shelves, this relationship is 
evident in the tight coupling between the sea ice and the benthos (Grebmeier et al. 2006a, 
Søreide et al. 2013). With the Arctic predicted to have ice free summers by the 2030s (Wang 
et al. 2018) these diverse and uniquely adapted organisms are at risk of losing their habitat 
(Macias-Fauria & Post 2018). This dissertation assesses organisms spanning different trophic 
levels, habitats and connections with the sea ice, but with a focus on investigating the 
contributions of ice-associated and pelagic primary producers (i.e. ice algae and 




The structure of sea ice is an important factor in the development of ice-associated 
primary producers (Horner et al. 1992, Mundy et al. 2007, Arrigo 2017). The interconnected 
network of brine channels and pockets found within sea ice, particularly at the ice–water 
interface, provides a complex habitat with access to the nutrients and conditions required to 
host a variety of endemic species (Horner 1989). Many of these organisms become entrained 
during sea ice formation (Garrison et al. 1983, Kauko et al. 2018). Small suspended particles 
in the water column serve as condensation nuclei for ice crystal formation (Krembs et al. 
2000, Arrigo 2017). These particles may themselves be vegetative diatoms or resting spores 
in the water column from a prior bloom or particles resuspended from the sediments during 
storm events in the autumn (Cota et al. 1991). Another mechanism of entrainment occurs 
with the formation of small needles of ice (i.e. frazil ice), which act like a comb, sweeping up 
particles from the seawater as the ice crystals aggregate and float to the surface. The 
aggregation of ice tends to occur horizontally at first and eventually becomes thick enough 
for ice to begin extending down vertically (Weeks & Ackley 1986). Frazil ice plays a 
relatively minor role in the Arctic when compared to the Antarctic (Weeks & Ackley 1986, 
Petrich & Eicken 2017). In the Arctic, congelation ice is more common, where consolidated 
sheets of columnar ice growth occur at the lower margins (Cota et al. 1991, Petrich & Eicken 
2017). The formation of new ice is referred to as first year ice and is typically favored for 
biological activity (Horner et al. 1992, Gradinger 2009, Kauko et al. 2018). Ice that survives 
through the summer season and thickens over the winter is referred to as multiyear ice and 
tends to host fewer microbial sea ice communities (Horner et al. 1992, Olsen et al. 2017, 
Kauko et al. 2018). 
Pack ice typically forms over the continental shelf and central Arctic Ocean, drifting with 
the wind and currents (Weeks & Ackley 1986). Approximately 75% of diatoms are 
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incorporated during the first few months of sea ice formation from the surrounding ice and 
water column while the remainder accumulate with this drifting pack ice (Hop et al. 2020). 
The actively accreting portion during the formation of congelation or pack ice is full of 
crevasses within the bottom few centimeters (Horner 1989, Cota et al. 1991). This is referred 
to as the skeletal layer and is where most of the biological activity occurs (Cota et al. 1991, 
Horner et al. 1992, Gradinger 2009, Arrigo 2014). As the skeletal layer is forming, seawater 
is incorporated within its porous structure. This process is increased if the skeletal layer 
formation occurs under rapid and turbulent conditions (Arrigo 2014). Salts, nutrients, gases 
and biogenic material within the seawater can thus also be incorporated into the sea ice (Cota 
et al. 1991). As the temperature decreases and the seawater begins to freeze, ions including 
salt precipitate out and are rejected from the ice lattice through tubes and channels (Weeks & 
Ackley 1986, Horner et al. 1992, Krembs et al. 2000). These brine channels create a drainage 
system where the salinity can exceed 150 near the surface but generally salinities are similar 
to surrounding sea water (i.e. ~32) at the ice-water interface (Arrigo 2014). Microbial 
organisms adapted to these extreme salinities, low temperatures and variable conditions are 
able to thrive in the brine channels (Thomas & Dieckmann 2002).  
Horner et al (1992) categorized four vertical layers of sea ice habitat including the 
surface, interior, bottom and sub-surface communities. The productive bottom layer of the sea 
ice is typically dominated by pennate diatom assemblages of Nitzschia frigida Grunow 1880 
(Poulin et al. 2011). As the sea ice begins to thin, melt ponds may form on the surface; these 
are generally nutrient limited and thus inhibit growth to some degree (Sørensen et al. 2017). 
However, when seawater floods the surface, a new supply of nutrients is provided (Horner et 
al. 1992, Sørensen et al. 2017). The sub-surface includes strand (i.e. long, colonial) 
communities of centric diatoms (Cota et al. 1991). These colonial organisms form a 
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mucilaginous excretion, binding cells together and to the ice, allowing them to extend 2–4 
meters into the water column (Gosselin et al. 1997, Boetius et al. 2013, Fernández-Méndez et 
al. 2015, Wiedmann et al. 2020). The most common taxa with this morphology in the Arctic 
is the centric sea ice diatom Melosira arctica Dickie 1852 (Poulin et al. 2011) but it also 
occurs with various ice-associated pennate species (Assmy et al. 2013).  
There are endemic ice-associated consumers that rely on the sea ice for grazing on algae 
and to escape predation, examples include Arctic cod (B. saida) and several species of 
gammarid amphipods (Gradinger & Bluhm 2004). Two species of gammarid amphipods, 
Gammarus wilkitzkii and Apherusa glacialis, are permanent residents of Arctic sea ice and 
have adapted their reproductive strategies to the variable conditions of sea ice as a survival 
mechanism (Poltermann et al. 2000). There are also a number of heterotrophic and 
mixotrophic protists, including various flagellates (including dinoflagellates) and ciliates, that 
graze on ice algae (Caron et al. 2017). However, only ~1% of algae biomass is consumed 
from the ice by these micrograzers (Michel et al. 1996, Mundy & Meiners 2021).  A similar 
proportion of total ice algae standing stock (~1%) is consumed by sea ice meiofauna (e.g. 
nematodes, rotifers and crustaceans) (Gradinger et al. 2005). A majority of ice algal 
production is transferred into pelagic and benthic food webs, rather than the sympagic food 
web (Michel et al. 1996, Grebmeier et al. 2006a, Boetius et al. 2013, Wiedmann et al. 2020).  
Sea ice also serves as an important platform for larger organisms including ice seals, 
walruses, seabirds and polar bears (Moore & Huntington 2008, Kovacs et al. 2011, Divoky et 
al. 2015, Jay et al. 2017, Laidre & Regehr 2017). These organisms use the sea ice for 
important life history functions and face great challenges with declining sea ice (Laidre et al. 
2015, Macias-Fauria & Post 2018). One of the most iconic examples in the Arctic, the polar 
bear (Ursus maritimus), uses the sea ice for hunting, traveling and mating (Stirling & 
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Derocher 1993). The decline of sea ice and earlier break up has been linked to the decreased 
survival of polar bears in Hudson Bay (Regehr et al. 2007) and increased land use ashore 
from the Chukchi Sea (Rode et al. 2015). Pacific walruses (Odobenus rosmarus divergens) 
haul out on sea ice to forage offshore, rest between dives and long migrations, molt, nurse 
calves, give birth and for mating (Fay 1982). Declining sea ice has been linked to increased 
coastal haulouts of walruses numbering in the tens of thousands, which have resulted in large 
mortality events due to stampedes (Jay et al. 2012). Pacific walruses (O. rosmarus divergens) 
are also expending greater energy swimming to offshore locations when sea ice is scarce 
(Cooper et al. 2006, Jay et al. 2017). The spectacled eider (Somateria fischeri), a species of 
diving sea duck, winters in the pack ice of the northern Bering Sea, utilizing surrounding sea 
ice to forage on bivalves (Lovvorn et al. 2009, Cooper et al. 2013). A reduction in the 
abundances of their preferred prey, Nuculanid bivalves, and/or access to these sites are linked 
to the loss of sea ice, potentially resulting in further declines of this species (Grebmeier et al. 
2006b, Lovvorn et al. 2009, Grebmeier et al. 2010, Grebmeier et al. 2018). Reductions in 
benthic and pelagic prey items associated with the loss of sea ice span a number of apex 
predators in the region (e.g. Bluhm & Gradinger 2008, Divoky et al. 2015, Kędra et al. 2015).  
1.2. Sea ice algae 
Ice algae have been estimated to contribute 4-26% of primary production in the Arctic 
(Legendre et al. 1992) and upwards of 50% in the Central Arctic Ocean (Gosselin et al. 1997, 
Boetius et al. 2013, Fernández-Méndez et al. 2015, Wiedmann et al. 2020). However, this is 
still an active area of research as Gradinger (2009) showed that contributions from ice algae 
on the shelves can exceed these estimates. Regardless of the exact proportion of ice algal 
contributions to primary production overall, the timing of sympagic production for consumers 
makes it highly valuable (Søreide et al. 2010, Leu et al. 2011, Leu et al. 2015). In addition to 
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the timing, ice algae have an elevated polyunsaturated fatty acid (PUFA) composition, 
making it a nutritional resource for grazers (Falk-Petersen et al. 1998, Leu et al. 2010). When 
ice algae are released from the ice matrix during melt, diatoms are weakly degraded in the 
water column and contribute a significant supply of rich organic matter to the benthos 
(Rontani et al. 2018a). Benthic organisms become the beneficiaries of this largely un-
degraded, lipid-rich resource (McMahon et al. 2006, Kohlbach et al. 2016).  
Sea ice provides a physical substrate and platform for primary producers to remain 
elevated in the water column where photosynthetically active radiation (PAR) levels are 
highest (Arrigo 2017). However, ice algae are adapted to very low-light conditions and are 
able to thrive under thick ice (Hancke et al. 2018). Snow cover over sea ice, rather than ice 
thickness, tends to have the most significant influence over irradiance levels on ice algal 
growth (Lund-Hansen et al. 2020) and export (Koch et al. 2020b, Lalande et al. 2020). Sea 
ice diatoms are able to acclimate to changing light levels throughout the melt season as 
indicated by increasing levels of photoprotective carotenoids relative to chlorophyll a (Leu et 
al. 2010, Kauko et al. 2018). This response occurs at the expense of PUFA concentrations, 
lowering the nutritional quality of this food source under thinning sea ice and likely under 
future Arctic conditions (Leu et al. 2010, Lund-Hansen et al. 2020). 
The ice-ocean interface allows for the frequent resupply of nutrients necessary for 
sustaining ice algal communities (Smith et al. 1990, Gradinger & Ikävalko 1998, Gradinger 
2009). Nutrients play an important role in the physiology and metabolism of ice algae, which 
impacts the lipid content, production of exopolymeric substances used for adhesion and 
aggregation, sinking rates and overall quality for grazing organisms (Cota et al. 1991, Leu et 
al. 2010, Meiners & Michel 2017). Lipid production has been shown to increase dramatically 
with nutrient limitation at the expense of carbohydrate and protein production (Mock & 
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Gradinger 2000). Nutrient limitation is expected to strongly influence productivity in the 
Arctic in the future (Carmack et al. 2006). Although irradiance will increase with longer 
periods of open water, enhanced stratification as a result of increasing meltwater will lead to 
nutrient limitation (Slagstad et al. 2015) and thus limiting the extent of increasing primary 
production that has been predicted (Arrigo 2015).  In addition to changes associated with the 
controls on nutrient availability (e.g. stratification, vertical mixing, upwelling and inflow 
supply on the shelves), the loss of the supply of nutrients within sea ice is a possibility 
(Carmack et al. 2006, Grebmeier et al. 2006b). For example, iron is currently not considered 
to be a limiting nutrient in the Arctic (Aguilar-Islas et al. 2008), but could become a limiting 
nutrient with the loss of the high dissolved iron reservoirs found in drifting sea ice 
particularly when released during the spring and summer (Carmack et al. 2006, Wang et al. 
2014b). 
Diatom morphology is an important factor in the colonization of sea ice (Kauko et al. 
2018). Ice algae consist primarily of large pennate diatoms (Gosselin et al. 1997, Arrigo 
2017), and are estimated to comprise >90% of the sympagic biomass (Smith et al. 1990). In 
contrast, pelagic phytoplankton are typically dominated by centric and chain forming diatoms 
in the Arctic (e.g. Chaetoceros spp.), as well as dinoflagellates (Horner & Schrader 1982, 
Poulin et al. 2011, Nelson et al. 2014). However, there can be abundant centric ice-associated 
species as evident with M. arctica Dickie (Poulin et al. 2011), which can account for a 
significant portion of production in the central Arctic Ocean (Boetius et al. 2013). In the 
Arctic, Nitzschia, Fragilariopsis, Entomoneis, and Navicula are common pennate genera 
found in sea ice communities at the ice-water interface. Other common Arctic diatom genera 
include Fragilaria, Cylindrotheca and Achnanthes (Nelson et al. 2014, Arrigo 2017). 
Assemblages of ice-associated pennate diatoms have commonly been used as a proxy for sea 
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ice production but there are limitations owing to poor preservation and/or community 
composition issues (see review by Armand et al. 2017). More specific geochemical markers 
were needed to discriminate sympagic from pelagic sources for the purposes of both paleo 
sea ice proxies (de Vernal et al. 2013) and as trophic markers (Gradinger 2009). 
The limited gas and inorganic carbon exchange that occurs within the constricted brine 
channels of the ice matrix leads to less discrimination against 13C during photosynthesis, 
resulting in organic matter relatively enriched in 13C relative to pelagic phytoplankton as 
indicated by stable isotope measurements (Hobson et al. 1995, Naidu et al. 2000, Gradinger 
2009, Wang et al. 2014a). Typical δ13C values range from approximately -11 to -24‰ for ice 
algae compared to -22 to -30‰ in pelagic phytoplankton (Peterson & Fry 1987, Pineault et al. 
2013). However, δ13C values have proven to vary in space and throughout the progression of 
a bloom and may not always be accurate indicators of sea ice versus pelagic sources alone. 
Specifically, sympagic particulate organic matter becomes more enriched in 13C as biomass 
increases (Tremblay et al. 2006, Gradinger 2009, Pineault et al. 2013). More recently, 
analysis of stable isotopes signatures in amino acids and fatty acids (i.e. compound specific 
analysis) are improving the capacity of stable isotope measurements to serve as trophic 
markers by differentiating sea ice from pelagic organic carbon (e.g. Budge et al. 2008, 
McMahon et al 2006, Schollmeier et al. 2018, Yurkowski et al. 2021).  
Fatty acids produced by diatoms are critical fuel for polar food webs (Graeve et al. 2005, 
Lee et al. 2006). Several classes of microalgae have distinct fatty acid profiles (Volkman et 
al. 1998, Volkman 2020), making them useful trophic markers and have been used to track 
sympagic organic carbon pathways in the food web (McMahon et al. 2006, Budge et al. 2008, 
Schollmeier et al. 2018). The primary fatty acids associated with diatoms are C16:1n-7 
(palmitoleic acid), C16:0 (palmitic acid), C20:5n-3 (eicosapentaenoic acid; EPA), C16 PUFAs, and 
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are notably deficient in C18 PUFAs (Falk-Petersen et al. 1998, Graeve et al. 2002, Rontani et 
al. 2018a, Volkman 2020). These fatty acids have been used to track ice algae, based upon 
the assumptions that diatoms are the primary component of the ice algal community and that 
pelagic production has a higher proportion of dinoflagellate composition (Budge et al. 2008, 
Wang et al. 2014). Dinoflagellates have distinct fatty acids including C18:0 (stearic acid), 
C18:5n-3 (octadecapentaenoic acid), and particularly C22:6n-3 (docosahexaenoic acid; DHA). 
Dinoflagellates are deficient in C16:0, which is therefore a specific diatom marker (Falk-
Petersen et al. 1998). DHA and EPA are common lipids found in Arctic zooplankton and 
therefore important lipid trophic markers in food web ecology (Graeve et al. 2002, Falk-
Petersen et al. 2009). Since the diatom markers are not particularly source-specific for 
distinguishing sympagic from pelagic diatoms, compound specific isotope analyses (CSIA) of 
fatty acids have been used to further refine these observations (Budge et al. 2008). 
Additionally, fatty acid profiles are strongly influenced by nutrient limitation, salinity and 
irradiance (see reviews by Volkman 2020 and Khozin-Goldberg 2016).  
The succession of ice algae to phytoplankton throughout the spring and summer in the 
Arctic is nuanced. Ice algae have been shown to seed the subsequent pelagic phytoplankton 
blooms with the release of diatoms into the water column with ice melt, as indicated by 
similar species composition in the ice and in the water column (Szymanski & Gradinger 
2016, Selz et al. 2018). Thicker multiyear ice also serves as a seeding repository for ice algae, 
which is likely to be negatively influenced by the loss of this older ice in the Arctic Ocean 
(Olsen et al. 2017, Kauko et al. 2018). A substantial under-ice pelagic bloom was observed in 
the Chukchi Sea in 2011(Arrigo et al. 2012, Arrigo et al. 2014). This was not the first 
observation of an under-ice bloom, but the scale of the bloom suggested satellite-based 
observations were not reliable means to estimate biomass and also challenged the paradigm 
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that pelagic productivity was not significant underneath the ice (Arrigo et al. 2014). While 
observational data is sparse at this point, models suggest the occurrence of these under-ice 
pelagic blooms may be increasing (Horvat et al. 2017). The thinning of sea ice over the last 
20–30 years has increased the prevalence of melt ponds and therefore increased light 
transmission that is conducive to these under ice blooms (Frey et al. 2011, Arrigo et al. 2014, 
Horvat et al. 2017, Ardyna et al. 2020). There has been growing interest in the occurrence 
and role of under-ice pelagic blooms (see latest review by Ardyna et al. 2020), which have 
raised questions about the timing of production and community composition in the Arctic. 
These co-occurring blooms further complicate efforts to distinguish between sympagic and 
pelagic communities, particularly the timing and relative importance of each.  
1.3. Highly branched isoprenoid biomarkers 
Paleoclimatic sea ice reconstructions have historically relied on fossil diatoms 
assemblages (Antarctica) and dinoflagellate cysts (Arctic) in marine sediments as an indicator 
of sea ice cover or the position of the ice edge at a given location (de Vernal et al. 2013, 
Armand et al. 2017). The siliceous frustules of diatoms are often not well preserved, 
particularly in the Arctic, nor are the geochemical signatures that would distinguish a pelagic 
or sea ice source (Belt et al. 2007, Armand et al. 2017). A need from the paleoclimate 
community to improve climate models with more accurate sea ice records incentivized 
researchers to develop a more source-specific biomarker that was stable, well preserved and 
sensitive to ice coverage (Belt et al. 2007).   
Analyzing microalgal lipids from sediments (e.g. sterols, alkenones, fatty acids) has been 
established for characterizing various sources of organic matter and serving as paleoproxies, 
albeit with some caveats regarding diagenetic influences, relative abundances and 
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environmental conditions controlling synthesis (Volkman et al. 1998, Volkman 2020). This 
approach led to the study of highly branched isoprenoid (HBI) alkenes, which have unusual 
C25 (haslenes) and C30 (rhizenes) hydrocarbon skeletons produced solely by diatoms 
(Volkman et al. 1994, Allard et al. 2001). Approximately thirty diatom species from 
commonly occurring genera including Haslea, Pleurosigma, Navicula, Rhizosolenia and 
Berkeleya have been identified that synthesize these lipids (Volkman et al. 1994, Allard et al. 
2001, Massé et al. 2004, Brown et al. 2014c, Belt et al. 2018, Limoges et al. 2018, Brown et 
al. 2020, Volkman 2020). Rowland et al. (2001) first reported on the degree of unsaturation in 
HBIs relative to temperature in H. ostrearia (Gaillon) Simonsen, which pointed out the 
possible climatic markers produced by diatoms. This relationship led Belt et al. (2007) to 
hypothesize the existence of an HBI with a single double bond that could be synthesized by 
diatoms at the low temperatures found in sea ice, particularly given the occurrence of some 
ice-associated Haslea spp. A monounsaturated HBI, with a double bond in the 23–24 
position, was detected in sea ice samples and was termed the “Ice Proxy with 25 carbons”, or 
IP25 (Belt et al. 2007, Belt & Müller 2013)(Fig 1-1).  
IP25 has since been confirmed to be produced by an even smaller number of diatom 
species found within Arctic sea ice (Brown et al. 2014c, Limoges et al. 2018). This 
compound was estimated to be produced by approximately 1–5% of Arctic sea ice diatom 
species, which corresponded with the proportion of Haslea species in sea ice samples. This 
observation provided further evidence that Haslea spp. were likely responsible for 
synthesizing this compound (Belt et al. 2013, Brown et al. 2014c).  There were initially three 
or four species confirmed to produce this compound including, including H. spicula (Hickie) 
Lange-Bergalot and/or possibly H. crucigeroides (Hustedt) Simonsen (taxonomic challenges 
prevented a determination), H. kjellmani (Cleve) Simonsen, and Pleurosigma stuxbergii var. 
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rhomboides (Cleve in Cleve and Grunow) Cleve (Brown et al. 2014c). Since then, Limoges et 
al. (2018) has confirmed H. spicula as a source but was unable to detect IP25 in H. 
crucigeroides, eliminating this species as a confirmed source – at least in the fjord where it 
was studied.   
Figure 1-1 Highly branched isoprenoid (HBI) diatom biomarker structures and carbon 
numbering  The HBIs currently utilized in Arctic sea ice reconstructions and trophic markers include 
the sea ice proxy with 25 carbons (IP25), HBI II – known as IPSO25 in Antarctic studies, and HBI III a 
pelagic and/or marginal ice zone proxy. 
There are other di- and tri-unsaturated HBIs produced by diatoms that are considered as 
complementary sea ice or pelagic biomarkers (Fig 1-1). The diene HBI (II), with a 6–17 
double bond, is co-synthesized with IP25 and is capable of serving as a surrogate when IP25 
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levels are below detection limits (Brown et al. 2014c). While H. crucigeroides does not 
apparently synthesize IP25, it does synthesize HBI II (Brown et al. 2014c, Limoges et al. 
2018, Brown et al. 2020). Pinpointing a biological source for HBIs, with this C25:2 HBI in 
particular, was initially a result of detecting high abundances of C25:2 in Antarctic sediment 
and sea ice diatom samples (Nichols et al. 1988, Johns et al. 1999).  In the Antarctic, 
Berkeleya adeliensis Medlin was confirmed as the sea ice diatom source and was termed the 
Ice Proxy for the Southern Ocean with 25 carbon atoms, or IPSO25 (Belt et al. 2016). This 
species is widespread and commonly occurring in platelet ice around Antarctica, yet rarely 
preserved in fossil diatom assemblages (Belt et al. 2016). This C25:2 HBI will be hereafter 
referred to as IPSO25 in the Antarctic context, but will otherwise be termed HBI II for the use 
of this biomarker in the Arctic. IP25 has never been detected in the Antarctic, most likely 
owing to the lack of the species responsible for its synthesis, and remains solely an Arctic sea 
ice proxy (Belt et al. 2016, Belt 2018).  
The tri-unsaturated HBI (III), with Z isomerization (Fig 1-1), is a common HBI 
constituent in marine sediments (Belt et al. 2000b). HBI III and HBI IV (not shown), which is 
another triene with E isomerization, are uniquely both produced by Pleurosigma spp. Haslea 
spp. generally have a double bond in the 6-17 and 5-6 positions, while Pleurosigma spp. 
usually have the 7-20 double bond position. Additionally, Pleurosigma spp. are not capable 
of synthesizing HBIs with the 6-17 double bond (Belt et al. 2000b). Studies have shown that 
HBI III is a suitable proxy for the presence of pelagic diatoms (Massé et al. 2011, Smik et al. 
2016) and the compound specific stable isotopic composition of HBI III in Antarctic marine 
sediments (δ13C=-34‰ to -42‰) supports a pelagic source (Massé et al. 2011). On the other 
hand, these compounds can be abundant in the highly productive marginal ice zones (MIZ) 
(Belt 2018). Further analysis of HBI III levels in open water studies are needed to fully 
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characterize the utility of these compounds as reliable biomarkers of pelagic diatoms. While 
an increase in abundance suggests greater pelagic production, it may also point to the position 
of the ice edge owing to elevated production as ice retreats and nutrients are released from the 
ice matrix. This does not necessarily invalidate HBI III as a pelagic indicator but may require 
more careful interpretation about the conditions its presence suggests (Belt 2018).  
The physiological drivers that influence the production of IP25 and other HBIs or the 
specific environmental conditions that stimulate its production are still not fully understood 
(Belt and Muller 2013, Brown et al. 2020) and few studies have addressed this point. Recent 
work has identified nutrient limitation as a trigger for HBI production (Brown et al. 2020). 
An order of magnitude increase in HBI production was observed in laboratory cultures of H. 
vitrea during low nutrient availability although this response was not observed in H. 
crucigeroides. As previously noted, lipid production is known to increase in response to 
nutrient limitation and so this HBI response is perhaps not surprising. The elevated 
production of HBIs may serve as an energy reserve during times of stress (Brown et al. 
2020). Yet this species-specific response raises additional questions. Another interesting 
finding that study highlighted was the production of tri- and tetra-unsaturated HBIs by H. 
vitrea, which were previously assumed to only be produced by pelagic species. Whether this 
was possible because these were laboratory cultures and not in situ observations is unclear. 
Either way, each of these issues raises important points that have potential implications for 
how we interpret HBI abundances. HBI synthesis is clearly still an area of research that 
requires more attention in the future (Brown et al. 2020). 
HBIs are subject to some degree of sedimentary diagenesis over time due to autoxidation 
and biodegradation (particularly in thick oxic layers in the sediment) and may also degrade in 
samples depending upon storage techniques (Cabedo-Sanz et al. 2016, Rontani et al. 2018b, 
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Rontani et al. 2019a, Rontani et al. 2019b). However, the degree of degradation in sediments 
appears to be minor in relation to climatic changes associated with relative abundances 
(Rontani et al. 2018b). Given the stability of the monounsaturated molecular structure of IP25 
and its source specific nature, its utility as a proxy for paleoclimate reconstructions has been 
well established over the last decade or so (see reviews by Belt and Müller, 2013, Belt 2018). 
Initially it was thought that this biomarker would allow for determining the position of the ice 
edge through at least the Holocene, but IP25 has been identified in sediments dating back to 
the late Miocene (Stein et al. 2016), far exceeding those original expectations. However, there 
are caveats, particularly with paleoclimate applications when inferring the past sea ice 
conditions. IP25 inventories can be negligible during periods of both open water and 
permanent multi-year ice cover, which are both conditions that do no support ice algal 
production or HBI-producing species. In order to address this complexity, and the often 
greater abundances of phytoplankton lipids to IP25, a phytoplankton indicator was proposed to 
normalize and account for open water conditions. This index, called PIP25 was initially 
proposed by Müller et al. (2011): 
𝑃𝑃𝑃𝑃𝑃𝑃25 =  
[𝐼𝐼𝐼𝐼25]
[𝐼𝐼𝐼𝐼25]+𝑐𝑐[𝐼𝐼] 
                                         (1) 
𝑐𝑐 =  𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 [𝐼𝐼𝐼𝐼25]
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 [𝐼𝐼]
    (2) 
Where P is a phytoplankton biomarker (µg g-1 TOC) for a specific dataset or core. The 
phytoplankton markers used in previous studies include brassicasterol (synthesized by several 
genera of phytoplankton) and dinosterol (synthesized by dinoflagellates). This has resulted in 
several variations of this index including PBIP25 (using brassicasterol), PDIP25 (using 
dinosterol), and PIIIIP25 (using HBI III). PIP25 has its limitations, given that the phytoplankton 
sterols are not specific to a single source or environmental condition as IP25 is. The correction 
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factor, c, in equation (1) can vary by location and throughout the length of individual cores 
(Belt and Müller, 2013), based on the phytoplankton population, creating further challenges 
for consistent measurements throughout the Arctic (Belt 2018). Given the proportionality of 
the sterols compared to IP25, HBI III has been suggested to be more appropriate to serve as 
the pelagic or MIZ indicator (Belt et al. 2015). Even with the use of HBI III instead of 
brassicasterol (the preferred phytoplankton marker), the c factor requires scrutiny. Smik et al. 
(2016) found a strong relationship between spring sea ice concentration and their calculation 
of PIP25 using HBI III and proposed the following equation with a defined c factor: 
𝑃𝑃𝐼𝐼𝐼𝐼𝐼𝐼𝑃𝑃𝑃𝑃25 =  
[𝐼𝐼𝐼𝐼25]
([𝐼𝐼𝐼𝐼25]+0.63[𝐼𝐼𝐼𝐼𝐼𝐼])
                               (3) 
In each of the PIP25 calculations, values vary between 0 and 1, with 1 representing sea ice 
cover and 0 representing open water conditions (Müller et al. 2011, Belt & Müller 2013). An 
equation has also been proposed to infer the spring sea ice concentrations (SpSIC) from this 
index using HBI III, expressed as a percentage, from these measurements: 
𝑆𝑆𝑆𝑆𝑆𝑆𝑃𝑃𝑆𝑆(%) =  (𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼25−0.0692)
(0.0107)
  (4) 
The SpSIC equation was derived from HBI measurements in the Barents Sea (Smik et al 
2016) and therefore requires further testing to determine how well it performs in other 
regions.   
While the majority of applied HBI studies to date have focused on their use in paleo-sea 
ice reconstruction [see reviews by Belt and Müller (2013), Belt (2018)], the use of HBIs as 
ice algal trophic markers has been emerging. This was made possible by the determination 
that IP25 was stable once grazed and assimilated by consumers (Brown & Belt 2011). In that 
initial study, IP25 was identified in a majority of the benthic macrofauna specimens analyzed 
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from the Arctic. This study provided the foundation for further investigations into feeding 
strategies of benthic fauna that incorporate IP25 from diatoms. Brown and Belt (2011) also 
confirmed ice algal sources using compound specific stable carbon isotope measurements of 
IP25, with a mean δ13C value of -17‰, which was consistent with previously analyzed 
sediment trap particle data under sea ice (Belt et al. 2008).  
The source-specificity, persistence and stability of HBIs can therefore be used to separate 
sympagic from pelagic production in Arctic food webs, and likely has advantages over other 
less specific tracers. By quantifying the relative abundances of the sympagic HBIs (IP25 and 
HBI II) to pelagic HBIs (HBI III), the primary carbon source can be fingerprinted. Brown et 
al. (2014d) established an HBI fingerprinting index, termed “H-print”, that estimates the 
relative organic carbon contributions of sea ice organic carbon versus pelagic organic carbon 
sources. The H-print method, is calculated using the relative abundances of IP25, HBI II and 
HBI III.   
H-print % = 𝐼𝐼𝐼𝐼𝐼𝐼∑  (𝐼𝐼𝐼𝐼25+ 𝐼𝐼𝐼𝐼+ 𝐼𝐼𝐼𝐼𝐼𝐼) x 100  (5) 
The estimated organic carbon contribution resulting from the H-print analysis can vary from 
0% (sympagic) to 100% (pelagic).  
This biomarker approach was demonstrated by comparing polar (Arctic) and 
temperate (Atlantic) marine mammal species (Brown et al. 2013a). This study showed that 
the biomarker signature was unique to Arctic organisms, including those at upper trophic 
levels. Neither IP25 nor HBI II were detected in grey seal (Halichoerus grypus), striped 
dolphin (Stenella coeruleoalba), harbor porpoise (Phocoena phocoena), fin whale 
(Balaenoptera physalus), and short-beaked common dolphin (Delphinus delphis) tissues that 
were collected from strandings in the United Kingdom, but HBI III was present in each of 
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these samples. In contrast to these Atlantic samples, ringed seals (Pusa hispida) collected 
during Inuit subsistence harvests in the Arctic, had measurable quantities of IP25, HBI II and 
HBI III.  A growing number of studies have since contributed to the development of the H-
print method on a variety of trophic levels and organisms. IP25 and other HBIs have now been 
measured in a number of Arctic and Antarctic consumers (Table 1-1). Since IP25 is not 
present in the Antarctic, a ratio of dienes to trienes are used in a similar way as the H-print 
approach. The number of studies using the H-print approach with marine mammals are few 
but are nevertheless revealing the importance of sympagic organic carbon at upper trophic 
levels. For example, Brown et al. (2018) observed H-print markers consistent with 72-100% 
sea ice organic carbon composition in polar bears. A recent review of the available trophic 
markers for Arctic food web analysis (HBIs, fatty acids and stable isotopes) confirmed that 
HBIs, when compared side-by-side with the other available markers, provided the most 
robust indicator of sympagic versus pelagic sources (Leu et al. 2020). Moreover, when these 
markers are used together, interpretations are improved, provided sampling time relative to 
the bloom progression is known (Leu et al. 2020). 
Table 1-1 Summary of HBI food web studies Compilation of studies to-date using HBIs, primarily 
with the H-print approach (Arctic) or the diene/triene ratio (Antarctic). These studies either measured 
HBI content in animal tissues or conducted studies on ice algae that have direct implications for food 
web analyses.  This list may not be all inclusive. 
Study Region Sample(s) Other Measurements Reference(s) 
Arctic    
Arctic Ocean Amphipods  Brown et al. (2017a) 
Barents Sea Zooplankton  Kohlbach et al. (2021) 
Svalbard Ice algae (sea ice) CSIA (fatty acids), fatty 
acids, δ13C 
Leu et al. (2020) 
 Zooplankton, shrimp, 
fish, benthic 
invertebrates 
 Brown and Belt (2012b) 
 Seabirds   Brown et al. (2013b) 
NE/E Greenland Ice algae (sediment 
traps, sediments) 
δ13C, δ15N, biogenic silica Limoges et al. (2018) 
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Baffin Bay Polar bears Fatty acids, δ15N Brown et al. (2018) 
 Bivalves Fatty acids Amiraux et al. (2021) 
 Ice algae (sea ice and 
water column) 
 Amiraux et al. (2019) 
 Ringed seals   Brown et al. (2014b) 
Canadian Arctic  Atlantic walrus CSIA (amino acids) Yurkowski et al. (2020) 
 Beluga whale δ15N Brown et al. (2017b) 
 Benthic invertebrates CSIA (IP25) Brown et al. (2011) 
 Benthic invertebrates δ13C, δ15N Yunda-Guarin et al. (2020) 
 Ringed seals, other 
non-polar marine 
mammals 
 Brown et al. (2013a) 
 Benthic invertebrates  Brown et al. (2012) 
 Ice algae, Zooplankton  Brown and Belt (2012a) 
 Benthic invertebrates Fatty acids, δ13C Kohlbach et al. (2019) 
 Seabirds δ13C, δ15N Cusset et al. (2019) 
Hudson Bay Polar bears Fatty acids, δ15N Brown et al. (2018) 
Bering Sea Benthic invertebrates  This study (Chapter 3) 
 Pacific walrus δ13C, δ15N This study (Chapter 4) 
Chukchi Benthic invertebrates  This study (Chapter 3) 
 Pacific walrus δ13C, δ15N This study (Chapter 4) 
Antarctica    
E Antarctica Euphausiids, fish, 
seabirds 
 Goutte et al. (2013) 
 Fish  Goutte et al. (2014b) 
Sub-Antarctic Seabirds, seals  Goutte et al. (2014a) 
Scotia Sea Euphausiids  Schmidt et al. (2018) 
 
Overall, HBIs have proven to be useful ice algal trophic markers and show promise for 
monitoring the contributions of ice algae in past and present food webs. This biomarker index 
may also provide insights into future scenarios in which summer sea ice is absent and 
sympagic production diminishes (Fig 1-2). Several studies have hypothesized a shift from 
benthic-dominated systems on the Arctic shelves, particularly in the highly productive Pacific 
Arctic region, to pelagic-dominated systems following the loss of sea ice and shifts in organic 
carbon sources (Kędra et al. 2015, Moore & Stabeno 2015).  If and when these ecosystem 
shifts will occur is complex, owing to possible increases in suitable habitat for ice algae as 
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first year ice becomes dominant (Arrigo & van Dijken 2015) or if there will be a mismatch in 
timing of production with life cycles of certain consumers that disrupts the food web (Søreide 
et al. 2010, Leu et al. 2011, Dezutter et al. 2019, Nadaï et al. 2021). This issue is an active 
area of research in the Arctic and HBIs may provide one more tool to track sea ice organic 
carbon flow through food webs with greater specificity than previous approaches.  
 
Figure 1-2 HBI biomarkers in Arctic ecosystem studies  In the present-day Arctic (left panel), ice 
algae are prevalent with seasonal spring ice coverage over the shelf supporting rich benthic 
ecosystems. As a result, there are greater measurable quantities of IP25 in the food web. In the future 
scenario (right panel), pelagic primary production has increased owing to longer open water periods, 
leading to water column grazing and a decrease in the quality and quantity of organic matter reaching 
the seafloor. The greater proportions of pelagic phytoplankton result in greater measurable quantities 
of HBI III in the food web.  
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1.4. HBI studies in the Pacific Arctic 
The use of HBIs in the Pacific Arctic region, defined here as the northern Bering Sea and 
Chukchi Sea, has so far been limited when compared to other regions of the Arctic (see most 
recent review by Belt 2018). Most HBI determinations were made from surface sediments 
and/or sediment cores for the purposes of calibrating the sea ice indices described earlier 
(Stoynova et al. 2013, Méheust et al. 2015, Xiao et al. 2015, Stein et al. 2017b, Bai et al. 
2019, Kim et al. 2019). Stoynova et al. (2013) conducted a more Pan-Arctic study, but some 
of the reported IP25 concentrations were not consistent with prior and subsequent findings, 
suggesting systematic analytical or methodological errors (Xiao et al. 2015, Belt 2018). Other 
pan-Arctic assessments have included HBI data from the Bering and Chukchi Seas, including 
the data review or presented in Chapter 2 (Xiao et al. 2015, Kolling et al. 2020). However, 
regionally-specific HBI dynamics that would be influenced by the nutrient-rich currents from 
the north Pacific Ocean and associated differing phytoplankton assemblages have not been 
thoroughly studied.  
Even fewer studies have looked at HBIs in invertebrate or vertebrate tissues for food web 
studies in the Pacific Arctic (Table 1-1). McTigue et al. (2015) included IP25 measurements 
from surface sediments in the Chukchi Sea as part of an analysis of organic carbon pathways 
in the food web. However, these HBI measurements were not directly measured by the 
authors (data provided by K. Taylor and R. Harvey) and the analytical methods were not 
documented. As the use of HBIs in animal tissues continues to develop, more consistent 
methodologies are being reported, making direct comparisons feasible. While McTigue et al. 
(2015) showed a significant relationship among sedimentary IP25, δ13C and sea ice retreat, 
which in turn confirms the ice algal origins of their δ13C measurements, IP25 was not 
measured in macrofaunal tissue samples to track carbon flow. As a result, to the best of my 
22 
 
knowledge, there are currently no other published studies in the Pacific Arctic region utilizing 
HBIs (vis-à-vis the H-print method) in animal tissues that facilitate tracking sea ice organic 
carbon in this regional food web.  
1.5. The Distributed Biological Observatory – A framework for 
monitoring change in the Arctic 
The Distributed Biological Observatory (DBO, https://dbo.cbl.umces.edu/) was 
established in the northern Bering, Chukchi, and Beaufort Seas as a change detection array to 
monitor the rapid changes occurring to this ecosystem (Fig. 1-3). The DBO was established 
in 2010, but data collection in many of these locations goes back for over thirty years as part 
of other research programs (Grebmeier et al. 2010) and provides a wealth of prior data. The 
hydrodynamics and sea ice trends are discussed in greater detail in chapters 2–4. However, a 
brief overview of this system is important to provide context for my study. The DBO is a 
region where the physics and biology are tightly coupled, driven by nutrient-rich water from 
the Pacific Ocean and seasonal ice cover, setting up a region with high productivity both in 
the water column and the benthos (Moore & Grebmeier 2018, Grebmeier et al. 2019, Stabeno 
et al. 2019).  Five benthic hot spots have been identified throughout the Pacific Arctic –not 




Figure 1-3 The Distributed Biological Observatory  The samples collected for this study are part of 
the Distributed Biological Observatory (DBO) monitoring program. Particular emphasis will be given 
to DBO regions 1-5, which are areas of high benthic biomass and marine mammal and seabird 
foraging “hot spots”.  Map courtesy of Karen Frey (Clark University). 
The research design for this dissertation builds off the framework of the DBO, with a 
particular focus on regions 1–5 (Fig 1-3). The DBO was an ideal sampling mechanism for 
developing HBI biomarkers for the region, as these five regions are areas of high productivity 
experiencing rapid rates of change in relation to sea ice along a latitudinal gradient (Moore & 
Grebmeier 2018), and span sub-Arctic to Arctic marine conditions. During this study, the sea 
ice edge in the winter extends to approximately the location of DBO 1 in the south, and is 
associated with the location of a winter polynya south of St. Lawrence Island. The Pacific 
Arctic region has been experiencing rapid ice loss, with a trajectory of increasing delays in 
the seasonal formation of sea ice and an earlier break up in the spring, which leads to shifts in 
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primary production (Grebmeier et al. 2018, Moore & Grebmeier 2018, Frey et al. 2020). 
These losses are evident in the retreating location of the mean decadal (September) minimum 
ice extent (Fig 1-3). Not shown in these decadal trends are the record low winter (March) 
maximum sea ice extents in the Bering Sea that occurred in 2017/2018 and 2018/2019 and 
the associated ecological responses. These low sea ice events, particularly in 2017/2018, 
resulted in an unprecedented retraction of the cold pool [a cold and saline layer of bottom 
water typically formed by brine rejection during sea ice formation; Grebmeier et al. (2018)], 
leading to increased abundances of Pacific cod and snow crab (Chionoecetes opilio) in the 
northern Bering Sea as opposed to their normal distributions in the southeastern Bering Sea 
(Siddon et al. 2020, Fedewa et al. 2020). In 2018 there was also an abundance of smaller and 
lipid-poor copepods and these sea ice conditions were linked to a seabird die-off and 
“Unusual Mortality Events” of bearded, ring and spotted seals (Duffy‐Anderson et al. 2019, 
Stabeno & Bell 2019, Siddon et al. 2020, Thoman et al. 2020). The reductions in sea ice in 
the Pacific Arctic are driving changes in all trophic levels of this ecosystem, from the 
distribution and abundances of phytoplankton and ice algae to changes in foraging and 
migration patterns in marine mammals (Grebmeier et al. 2019). Shifting and reduced organic 
carbon sources have been attributed to the ecosystem shifts already underway in the DBO 1 
region (Grebmeier et al. 2006b, Grebmeier 2012, Grebmeier et al. 2018). I used these 
circumstances to help design my study of biomarker distributions in the context of changing 
sea ice persistence gradients and food web structure.  
1.6. Dissertation outline 
The goal of my dissertation was to determine the utility of HBI biomarkers in the 
northern Bering and Chukchi Seas to track the ecosystem response to the rapidly declining 
sea ice over the past several decades (Grebmeier et al. 2018). Other studies have 
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hypothesized food web shifts on the broad Arctic shelves as the open water period extends 
into the fall and northward towards the Arctic basin (Kędra et al. 2015).  
Since there was a paucity of HBI measurements in the western Arctic, it was essential to 
first establish the depositional patterns and timing of HBI production and export throughout 
the region in order to interpret results at the organismal and ecosystem level. Chapter 2 lays 
the groundwork for contextualizing the distribution and inventory of the sea ice biomarker 
(IP25) in the Pacific Arctic region. The export, deposition and burial of IP25 can be connected 
to seasonal sea ice conditions and allows us to use HBIs to interpret ecosystem responses to 
declining sea ice in more applied studies. One novel finding from this study was that IP25 was 
detected year-round in the particle export to the seafloor, suggesting ice algae is a sustaining 
energy source for the benthic community even when ice is not present, and in the winter 
when light is not sufficient to support primary production. This adds to a growing body of 
evidence that the polar night is more productive than previously thought (Berge et al. 2015). 
Sea ice biomarker profiles in sediment cores from the Chukchi shelf and slope provided 
additional evidence of a sediment “food bank” that is comprised of lipid-rich ice algae that 
can likely sustain the benthic food web. The flux data also highlighted the importance of 
snowmelt above sea ice as a trigger for production and release of ice algae to the water 
column, as was observed in other studies in the Chukchi and Beaufort Seas (Lalande et al. 
2020, Nadaï et al. 2021). Snow melt allows for sufficient light before ice melt/break up 
begins, which will have consequences for the magnitude and timing of blooms in the future 
as the Arctic warms. This chapter was published in the journal PLOS ONE in 2020.  
Having established the general distribution and timing of HBI fluxes throughout the 
Bering and Chukchi seas in Chapter 2, Chapter 3 assesses the utilization of ice algae as a 
resource by benthic communities. HBI biomarkers were used to assess the importance of ice 
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algae to benthic mega- and macrofauna (e.g. clams, worms, sponges, sea stars, crabs) on the 
Bering and Chukchi shelves. It has been an ongoing topic of uncertainty whether ice algae are 
a significant food source in the Arctic given its small proportions overall relative to open 
water production, and if the increasing open water season will result in increased pelagic 
primary production and associated carbon fluxes to the seafloor. Given the tight sympagic-
pelagic-benthic coupling that occurs on the Pacific Arctic shelves, a mismatch in 
phytoplankton production and grazing activities is likely to have consequences by altering 
reproductive and survival strategies by a number of organisms.  This study revealed that ice 
algae are utilized in greater quantities by certain feeding guilds, primarily subsurface deposit 
feeders, and therefore the reduction of the sympagic-sourced organic carbon pathway may 
result in a restructuring of the food web. Reductions in sea ice organic carbon could have a 
cascading effect on the number of higher trophic organisms that are specialized benthic 
predators by altering the lipid content of their preferred prey. While there are a number of 
ways the Arctic is threatened by climate change, this study reveals one mechanism that is 
predicted to result in a decrease in benthic biodiversity and increased competition for 
specialized benthic-feeding animals such as Pacific walruses (Odobenus rosmarus 
divergens), bearded seals (Erignathus barbatus), gray whales (Eschrichtius robustus) and the 
spectacled eider (S. fischeri). This study was published in the journal Marine Ecology 
Progress Series in 2020. 
Chapter 4 is an applied study to show the potential of HBI biomarkers to assess the 
trophic transfer of assimilated sea ice carbon to the Pacific walrus (O. rosmarus divergens). 
Pacific walruses have sex-segregated migrations, where females have an apparently 
obligatory relationship with the sea ice. The most notable outcome of this study is that I was 
able to show the relationship between sea ice and female walruses appears to extend to their 
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diets. Females appear to be foraging on different prey items with higher lipid content 
connected to elevated ice algae consumption by their preferred prey items. This suggests 
female walruses may be more vulnerable to climate change and therefore the population as a 
whole, which should be considered for conservation purposes. Walruses are culturally 
important subsistence resources for Iñupiat and St. Lawrence Island Yupik communities in 
Alaska. This chapter was submitted to the journal PLOS ONE in February 2021 as part of a 
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Abstract 
An assessment of the production, distribution and fate of highly branched isoprenoid 
(HBI) biomarkers produced by sea ice and pelagic diatoms is necessary to interpret their 
detection and proportions in the northern Bering and Chukchi Seas. HBIs measured in surface 
sediments collected from 2012 to 2017 were used to determine the distribution and 
seasonality of the biomarkers relative to sea ice patterns. A northward gradient of increasing 
ice algae deposition was observed with localized occurrences of elevated IP25 (sympagic 
HBI) concentrations from 68–70°N and consistently strong sympagic signatures from 71–
72.5°N. A declining sympagic signature was observed from 2012 to 2017 in the northeast 
Chukchi Sea, coincident with declining sea ice concentrations. HBI fluxes were investigated 
on the northeast Chukchi shelf with a moored sediment trap deployed from August 
2015 to July 2016. Fluxes of sea ice exclusive diatoms (Nitzschia frigida and Melosira 
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arctica) and HBI-producing taxa (Pleurosigma, Haslea, and Rhizosolenia spp.) 
were measured to confirm HBI sources and ice associations. IP25 was detected year-round, 
increasing in March 2016 (10 ng m-2 d-1) and reaching a maximum in July 2016 (1331 ng m-
2 d-1). Snowmelt triggered the release of sea ice algae into the water column in May 2016, 
while under-ice pelagic production contributed to the diatom export in June and July 2016. 
Sea ice diatom fluxes were strongly correlated with the IP25 flux, however associations 
between pelagic diatoms and HBI fluxes were inconclusive. Bioturbation likely facilitates 
sustained burial of sympagic organic matter on the shelf despite the occurrence of pelagic 
diatom blooms. These results suggest that sympagic diatoms may sustain the food web 
through winter on the northeast Chukchi shelf. The reduced relative proportions of sympagic 
HBIs in the northern Bering Sea are likely driven by sea ice persistence in the region. 
2.1. Introduction 
Sea ice supports a diverse community of microalgae (primarily diatoms), bacteria, 
metazoan grazers, heterotrophic and mixotrophic protists, viruses and fungi (Horner 1989, 
Horner et al. 1992, Steward et al. 1996, Poulin et al. 2011). Sea ice associated (sympagic) 
algae grow on the underside and bottom few centimeters of sea ice and within brine channels 
during sea ice formation and eventually decline as sea ice melts (Horner et al. 1992, Gosselin 
et al. 1997, Fortier et al. 2002, Juul-Pedersen et al. 2008, Szymanski & Gradinger 2016). 
However, the precise contribution of sea ice algae to total primary production throughout the 
Arctic is poorly constrained owing to difficulties in measuring production in these 
communities (Gosselin et al. 1997) and to the overlap in habitat of sea-ice associated species 
(Szymanski & Gradinger 2016). Estimates of sea ice algae contributions to total primary 
production in the Arctic are widely variable, ranging from 4 to 26% in seasonally ice covered 
waters (Legendre et al. 1992) and upwards of 50% in the central Arctic Ocean (Gosselin et al. 
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1997). Observations of a phytoplankton bloom below melt ponds in the Chukchi Sea 
indicated that satellite-based estimates of chlorophyll biomass in areas of sea ice may be an 
order of magnitude too low (Arrigo et al. 2014). The observation of nearly all algal export 
before complete ice melt in the Eurasian Arctic Ocean further reflects the underestimation by 
satellite sensor platforms (Lalande et al. 2019). It has been suggested that these ice algae 
blooms are an important early season source of food to pelagic grazers and benthic 
communities (Fortier et al. 2002, McMahon et al. 2006, Gradinger 2009, Pirtle-Levy et al. 
2009, Grebmeier et al. 2010, Grebmeier et al. 2015). Yet gaps remain in our understanding of 
the spatial and temporal variability of sea ice primary production in the Arctic and the impact 
on high latitude food webs. The application of biogeochemical methods to quantify and 
monitor sea ice algae contributions to pelagic and benthic food webs can be used to address 
these limitations associated with traditional field and satellite-based observations of sympagic 
production.    
Highly branched isoprenoids (HBI) are a class of lipids with C20, C25 and C30 
hydrocarbon structures comprised of C5 isoprene units unique to diatoms and can serve as 
species-specific biomarkers based on the number and position of double bonds (Volkman et 
al. 1994, Belt et al. 2007). HBIs are produced by several commonly occurring diatoms genera 
including Haslea, Pleurosigma, Navicula and Rhizosolenia, but are limited to a small number 
of species within these taxa (Volkman et al. 1994, Brown et al. 2014c, Belt et al. 2017). A 
small subset of these diatoms associated with Arctic sea ice produce a monounsaturated HBI, 
which has been termed the “Ice Proxy with 25 carbons”, or IP25 (Belt et al. 2007) (Fig 2-1). 
The detection of IP25 is presumed to indicate the current or prior presence of sea ice and ice 
algal production at a given location. The physiological drivers that influence the synthesis of 
IP25 or the specific sea ice and environmental conditions that stimulate its production are not 
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fully understood and have yet to be synthesized in a laboratory setting (Belt & Müller 2013, 
Brown et al. 2014c, Belt 2018). HBI II (Fig 2-1), a C25:2 alkane co-synthesized with IP25 in 
Arctic sea ice, often occurs in larger relative abundances than IP25 and has proven useful as an 
additional sea ice proxy (Brown et al. 2011, Belt et al. 2013, Belt 2018). HBI III (Fig 2-1), a 
C25:3 alkane, is ubiquitous throughout the world’s oceans and serves as an indicator of 
production in open water and marginal ice zones (Volkman et al. 1994, Brown 2011, Belt et 
al. 2018). Several sea ice indices have been developed based on the relative proportions of 
IP25 and other HBIs (or phytoplankton sterols) to estimate the relative proportions of 
sympagic versus pelagic production (Müller et al. 2011, Brown et al. 2014d, Smik et al. 
2016).  
 
Figure 2-1 Biomarker compounds and chromatograms The highly branched isoprenoid molecular 
structures for IP25, HBI II, HBI III and the internal standard, 9-OHD. The compounds correspond with 




Nearly half of summer Arctic sea ice, based on the September minimum extent, has been 
lost since the start of satellite observations (1979-present) (Arrigo 2014, Serreze & Meier 
2018). Therefore, associated changes to ice algal production are to be expected. Trends in sea 
ice extent and duration are variable from year-to-year and throughout the Arctic (Serreze & 
Meier 2018). Across the Pacific Arctic region (Bering, Chukchi and Beaufort Seas), sea ice 
break-up is occurring earlier and forming later, leading to younger and thinner sea ice 
annually with persistence declining by 9 to 30 days per decade over the satellite record (Frey 
et al. 2015, Grebmeier et al. 2015, Grebmeier et al. 2018, Serreze & Meier 2018). Two record 
low maximum winter extent periods for the Bering Sea occurred in 2018 and 2019, along 
with a record low summer minimum extent for the Chukchi Sea in 2019 (Fetterer 2017, 
updated daily, Frey et al. 2018, Grebmeier et al. 2018). Recent models suggest that annual sea 
ice duration in the Bering Strait could be reduced by an additional 20–36 days before 2050 
and upwards of 60 days in the Eastern Siberian, Chukchi and Beaufort Seas (Wang et al. 
2018). On the continental shelf, August and September are essentially ice-free and the open 
water period is extending later into the fall.  
Few HBI studies have been conducted on the productive shallow shelves of the Pacific 
Arctic marginal seas relative to the Eurasian and Canadian Arctic (Belt 2018, Bai et al. 2019). 
Therefore, opportunities exist to improve our understanding of the dynamics of these 
biomarkers and their applications for ecosystem and paleoclimate studies. These 
measurements may also supplement existing knowledge from field-based and primarily 
satellite derived observations. The main goal of this study was first to establish the spatial 
distribution of IP25, HBI II and HBI III from surface sediments throughout the region and 
investigate whether interannual variability can be distinguished. Additionally, there was a 
need to investigate the temporal dynamics of HBI production in the Pacific Arctic through 
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biomarker fluxes (sediment traps). Finally, the fate or preservation of HBIs in this highly 
productive region was determined through measurements and comparisons of sediment cores 
collected from the biological hot spot on the shallow shelf relative to a deeper, less 
productive region on the Chukchi slope. By assessing the temporal and spatial dynamics of 
these biomarkers to establish a region-specific baseline, future studies may be able to employ 
this technique to monitor the rapid changes in sea ice occurring in the Bering and Chukchi 
seas.   
2.1.1. Regional setting 
Currents in the Pacific Arctic region are dominated by a northward advection of water 
crossing the Bering shelf, converging in the Bering Strait and moving into the Chukchi Sea 
(Fig 2-2A). Different water mass components influence the transfer of associated heat 
content, organic matter and nutrients to the ecosystem (Weingartner et al. 2005, Woodgate et 
al. 2005a, Woodgate 2018). There are three primary current pathways during the open water 
season:  the nutrient-rich Anadyr Current to the west, Bering Sea water with summer and 
winter variants, and the warmer, nutrient-poor and seasonal Alaska Coastal Current to the 
east (Weingartner et al. 2005, Gong & Pickart 2015, Weingartner et al. 2017).  The northward 
flowing hydrography brings nutrient-rich Pacific waters into the euphotic zone and supports 
persistent localized in situ production and advection and deposition of organic carbon to the 
benthos, and this productivity plays a role in the maintenance of benthic biological “hot 
spots” in the Bering Strait region (Grebmeier et al. 2015).  
The shallow shelf that spans from the northern Bering Sea to the northeast Chukchi Sea 
averages 40 meters in depth and has in recent years been seasonally ice covered for 0–3 
months in the Bering Sea and 6–9 months in the Chukchi Sea (Frey et al. 2015). The 
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maximum median sea ice extent (1981–2010) has historically occurred in March in the 
northern Bering Sea and the minimum ice extent in September in the Chukchi Sea near the 
shelf break (Fig 2-2A). More recently, the minimum extent has shifted northwards away from 
the shelf break into the basin. The delayed freeze up in the Chukchi Sea ultimately impacts 
the winter sea ice extent and shifts the sea ice coverage in this entire region (Wang et al. 
2018). Throughout the sea ice cycle, primary production typically initiates with the ice algae 
bloom prior to sea ice melt, followed by or possibly partially seeding a pelagic phytoplankton 
bloom (Gradinger 2009, Szymanski & Gradinger 2016, Selz et al. 2018).  
 
 
Figure 2-2 Study site in the Pacific Arctic Region  A) The surface sediment sampling locations in 
the northern Bering and Chukchi Seas occurred within the framework of the Distributed Biological 
Observatory (DBO) regions (black boxes). The DBO regions in this study from south to north include: 
The St. Lawrence Island polynya (SLIP), Chirikov Basin (CHIR), southeast Chukchi Sea (SECS), 
northeast Chukchi Sea (NECS) and Barrow Canyon (BARC). B) The northeast Chukchi Sea region 
with the locations of the Chukchi Ecosystem Observatory (CEO) moored sediment trap and Haps core 
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locations. Reprinted from Ocean Data View under a CC BY license, with permission from R. 
Schlitzer, original copyright 2020. 
2.2. Materials and methods 
2.2.1. Permitting 
 No national or international permitting was required as part of the sample collection 
efforts. Concerns regarding sampling in waters near Indigenous subsistence hunting areas 
was addressed by provision of cruise plans to the Arctic Waterways Safety Committee and 
some samples were imported into the United States from Canada using a US Fish and 
Wildlife Service Declaration for Importation or Exportation of Fish or Wildlife (USFWS 
Form 3-177).  
2.2.2. Sediment trap deployment 
A sequential sediment trap (Hydro-Bios, Germany; 24 cups) was moored at 37 m depth, 8 
m above the seafloor, as part of the Chukchi Ecosystem Observatory (CEO) located on the 
southeastern flank of Hanna Shoal (71.6°N 161.5°W, Fig 2-2B). The sediment trap was 
deployed in August 2015 and recovered in August 2016. Collection cups rotated at pre-
programmed intervals ranging from one week during spring and summer to one month during 
winter. The last sample was excluded from the study as the sediment trap was recovered 
before the completion of the last rotation when the cup was still open. Before deployment, 
collection cups were filled with filtered seawater, adjusted to a salinity of 38 with NaCl to 
create a solution denser than ambient seawater to ensure material remained in the cup while 
open, and poisoned with formalin (4% final solution) to preserve samples during deployment 
and after recovery. In preservation tests of marine samples, formalin did not affect HBI 
proportions or indices relative to wet/dry freezing (Brown 2018). Trap samples were stored in 
the dark at room temperature until analysis, but we note that the effects of storage 
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temperature on HBI degradation in formalin preserved samples have not been investigated 
(Cabedo-Sanz et al. 2016).  
2.2.3. Diatom identification and quantification  
Subsamples (0.1–3 mL) from the sediment trap bottles were adjusted to a volume of 3 
mL with filtered seawater for the enumeration and identification of algal cells in an Utermöhl 
chamber (Utermöhl 1931). A minimum of 300 phytoplankton cells were counted and 
identified to the lowest taxonomic level possible by inverted light microscopy at 100X, 200X 
or 400X depending on cell size using the Utermöhl method (Utermöhl 1931). Empty algal 
cells (without chloroplasts) were distinguished from intact cells (with chloroplasts) assumed 
to be alive at the time of collection and resting spores (Lalande et al. 2019). Algal 
measurements were converted to daily fluxes depending on the subsampled volume and open 
cup duration of each sample.  
Two sea ice exclusive diatom species, Nitzschia frigida and Melosira arctica, were 
selected as indicators of the ice algae bloom. The Gyrosigma/Pleurosigma/Haslea group 
were selected to be the source of sympagic HBIs based on the currently known species that 
produce these lipids, which include Pleurosigma stuxbergii var. rhomboides (Cleve in Cleve 
and Grunow) Cleve, Haslea kjellmani (Cleve) Simonsen, H. crucigeroides (Hustedt) 
Simonsen, and H. spicula (Hickie) Lange-Bertalot (Brown et al. 2014c, Limoges et al. 2018). 
This broader group is not exclusively associated with sea ice. Another caveat is that 
Pleurosigma spp. includes species that produce the pelagic HBI III, including P. intermedium 
(Belt et al. 2000a). The diatom genera Rhizosolenia was selected as an indicator of the 
potential sources of HBI III.  Species known to produce HBI III include R. hebetata, R. 
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polydactyla f. polydactyla and R. setigera (Belt et al. 2017). A more detailed analysis of the 
major diatom taxa and fluxes is discussed in Lalande et al. (2020) 
Subsamples for chlorophyll a (chl a) measurements were filtered onto GF/F filters (0.7 
μm), extracted in 90% acetone for 24 h at -20°C and measured on a Turner Design Model 10-
AU fluorometer following the methods outlined in Welschmeyer (1994). Samples were kept 
cool and in the dark prior to chl a measurements. 
2.2.4. Surface sediment collection 
Surface sediment sampling was conducted on six annual expeditions from 2012 to 2017 
on board the USCGC Healy (HLY; 2012, 2013, 2017) and the CCGS Sir Wilfrid Laurier 
(SWL; 2014, 2015, 2016). Sample collections from 2014 to 2017 were made at Distributed 
Biological Observatory (DBO) program sites (https://www.pmel.noaa.gov/dbo/), where long-
term monitoring has been established in the Bering, Chukchi, and Beaufort seas (Grebmeier 
et al. 2010, Moore & Grebmeier 2018). These sites are in the vicinity of five DBO long-term 
sampling station grids that were selected on the basis of having high productivity and/or 
biodiversity specifically in the north Bering Sea, the St. Lawrence Island polynya (SLIP), and 
the Chirikov Basin (CHIR), and north of Bering Strait, the southeast Chukchi Sea (SECS), 
the northeast Chukchi Sea (NECS) and Barrow Canyon (BARC) (Fig 2-2A). Sample 
collection in 2012 and 2013 focused primarily on the NECS region near Hanna Shoal (Fig 2-
2B), but extended to all of the long-term Bering and Chukchi DBO benthic sampling sites in 
other sampling years. Surface sediments were collected by a van Veen grab (0.1 m2), with a 
trap door on the top that was opened prior to opening the grab in order to obtain relatively 
undisturbed sediments that were assayed for total organic carbon (TOC) and HBIs in the 
surface sediments. Samples were stored frozen (-20°C) until analysis.  
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2.2.5. Sediment core collection 
Sediment cores were collected using a multi-HAPS corer (area =133 cm2) with stainless 
steel barrels and acrylic inserts deployed from the USCGC Healy in 2017 at station DBO 4.6 
(71.62°N 163.77°W) and station NNE-14 (73.29°N 160.04°W, Fig 2-2B). A single core was 
collected at station DBO 4.6 on the shelf from a bottom depth of 43 m (Table 1). This core 
was sectioned shipboard for the first two centimeters at 1-cm intervals and the remaining 
length of the core at 2-cm intervals. A pair of cores were collected at station NNE-14 (1200 
m depth; Table 2-1). Both cores were sectioned in 1 cm intervals at sea. Sections from core 
sections were immediately frozen and stored at -20°C until analysis. 
Table 2-1 Sediment coring locations and parameters 
Sediment core station names, collection dates, coordinates, station bottom depth, length of the Haps 
cores and distance from the Chukchi Ecosystem Observatory (CEO) mooring. All sediment cores were 
collected with a Multi-Haps stainless steel corer. Cores were collected from the northeast Chukchi 
shelf (DBO 4.6 and UTX13-23) and slope (NNE-14).  
2.2.6. Sediment core radiocesium measurements 
The sectioned core from NNE-14 was analyzed for radiocesium (137Cs) by gamma 
spectroscopy using a Canberra GR4020/S reverse electrode closed-end coaxial detector at the 
Chesapeake Biological Laboratory following established protocols (Cooper & Grebmeier 
2018).  Sedimentation data from another core collected in 2009 at station UTX13-23 
(71.39°N 166.28°W), approximately 50 nautical miles from DBO4.6, was used in lieu of 
gamma analysis of the single core from DBO4.6 (Cooper & Grebmeier 2018), which was 
instead used for analysis of IP25 and other biomarkers. The 137Cs profile from core UTX13-













NNE-14 9/5/2017 73.33 -160.17 1281 20 107 
DBO 4.6 8/31/2017 71.62 -163.77 43 18 43 
UTX13-23 8/5/2009 71.39 -166.28 46 16 92 
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23, which has been presented elsewhere (Cooper & Grebmeier 2018) was used as a 
sedimentation proxy for DBO4.6, based on similarities in deposition (Cooper & Grebmeier 
2018). DBO4.6 and UTX13-23 have similar grain sizes (50-75% ≥ 5 phi) and TOC (0.5-1%) 
(Cooper & Grebmeier 2018), which have been found to be significantly correlated with 
radiocesium activity in surface sediments (Cooper et al. 1998). Additionally, we expected 
DBO4.6 to be highly influenced by bioturbation, as are most cores collected from this area of 
the Chukchi shelf (Cooper & Grebmeier 2018). This substitution was expected to be 
reasonable for the purpose of comparing cores collected in the biologically productive NECS 
region on the shelf relative to a core collected on the less productive continental slope (NNE-
14).  
2.2.7. Biomarker extraction 
HBIs were extracted from surface sediment samples (n=184; S1 Table), sediment trap 
sample cups (n=23), and two sectioned sediment cores. Surface sediment and core samples 
were freeze dried for 48 hours, homogenized by mortar and pestle, followed by subsampling 
of approximately 1 g dried sediment. Sample cups from the sediment trap were gently mixed 
before subsamples were extracted with a modified pipette to enable the collection of larger 
particles for the measurement of HBIs. Sample volumes varied from 10 to 30 mL to 
accommodate the fluctuating particle flux through the year. These aliquots were filtered on 
Whatman GF/F filters (0.7 µm) and rinsed with deionized water. The filters were frozen 
overnight in petri dishes and placed into 8 mL vials for biomarker extraction. 
HBIs were extracted following the methods of Belt et al. (Belt et al. 2012) and Brown et 
al. (Brown et al. 2014d).  An internal standard (10 µL) of 9-octylheptadec-8-ene (9-OHD, 1 
µg mL-1) was added to the sample before extraction to facilitate yield quantification. Samples 
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were first saponified in a methanolic KOH solution and heated at 70°C for one hour. Hexane 
(4 mL) was added to the saponified solution, vortexed, and centrifuged for 3 minutes at 2500 
RPM for three iterations. The supernatant with the non-saponifiable lipids (NSLs) was 
transferred to clean glass vials and dried under a gentle N2 stream to remove traces of residual 
methanolic KOH.  
Elemental sulfur was removed from the sediment samples due to analytical interference 
with HBI III (m/z 346.3). This was accomplished by re-suspending the NSLs in 2 mL hexane 
with the addition of 1 mL of a tetrabutylammonium (TBA) sulfite reagent and 2 mL of 2-
propanol. The solution was shaken for one minute and repeated, if necessary, until a 
precipitate formed. MilliQ water (3 mL) was added and the mixture centrifuged for 2 minutes 
at 2500 RPM. The hexane layer was removed into a clean vial with the hexane extraction and 
centrifugation repeated three times. The extract was dried under a gentle N2 stream at 25°C 
and removed immediately once the solvent had evaporated. 
Following sulfur removal, the extracts were re-suspended in hexane and fractionated 
using open column silica gel chromatography. The non-polar lipids containing the HBIs were 
eluted while the polar compounds were retained on the column. The eluted compounds were 
dried under N2. 50 µL of hexane was added twice to the dried extract and transferred to 
amber chromatography vials.  
2.2.8. Biomarker analysis 
The extracts were analyzed using an Agilent 7890A gas chromatograph (GC) coupled 
with a 5975 series mass selective detector (MSD) following methods outlined by Belt et al. 
(Belt et al. 2012). Samples were analyzed on an Agilent HP-5ms column (30 m x 0.25 mm x 
0.25 µm). The oven temperature was programmed to ramp up from 40°C to 300°C at 
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10°C/minute with a 10-minute isothermal period at 300°C.  HBIs were identified using both 
total ion current (TIC) and selective ion monitoring (SIM) techniques. TIC chromatograms 
and mass spectral output data were used to identify individual HBIs while SIM 
chromatograms were used to quantify the abundances by peak integration with ChemStation 
software. A purified standard of known IP25 concentration was used to confirm the mass 
spectra, retention time and retention index (RI). Authentic HBI standards were also measured 
alongside the internal standard 9-OHD to determine the instrument response factor (RF, 
Table 2-2). For experimental purposes, samples were reanalyzed on an Agilent DB-5ms 
column (30 m x 0.25 mm x 0.25 µm) to determine the column-specific retention indices of 
these compounds. The HBIs were identified by their mass ions and RI including IP25 (m/z 
350.3), HBI II (m/z 348.3) and HBI III (m/z 346.3). To the best of our knowledge, the RIs for 
these HBIs have not been previously reported in the literature on a DB-5ms column (Table 
2). A procedural blank was run every 9th sample.   
Table 2-2 HBI parameters for gas chromatography-mass spectrometry 







IP25  350.3 5 2081 2071 
HBI II  348.3 12 2082 2075 
HBI III  346.3 3 2044 2032 
Individual biomarkers and the instrument response factors determined for this study. The known 
retention indices for the HP-5ms column were used for analysis and the RI for a DB-5ms column were 
experimentally reported. 
Individual HBI concentrations in the surface sediment samples were normalized by TOC 
on an organic gram weight basis (Table S-1). TOC data from HLY12 (2012), HLY1702 
(2017) and SWL 14-16 (2014–2016) cruises were accessed through the National Science 
Foundation’s Arctic Data Center (Grebmeier & Cooper 2019a, Grebmeier & Cooper 2019b, 
Grebmeier & Cooper 2019c, Grebmeier & Cooper 2019d, Grebmeier & Cooper 2019e). TOC 
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data from the HLY13 (2013) cruise are available through another data archive, the National 
Oceanic and Atmospheric Administration National Centers for Environmental Information 
(Dunton 2014). HBI concentrations from sediment trap samples were converted to daily 
fluxes depending on the subsampled volume and open cup duration of each sample and 
integrated over a 365-day period to annual fluxes. 
The relative abundances of the sympagic HBIs (IP25 and HBI II) to the pelagic HBI (HBI 
III), were quantified in order to determine the proportions attributable to different organic 
carbon sources. An HBI fingerprinting index, termed “H-print”, was used to estimate the 
relative organic carbon contributions of sea ice algae versus phytoplankton sources (Brown et 
al. 2014d). The H-print method (Eq. 1-1), is calculated using the relative abundances of IP25, 
HBI II and HBI III, as determined by GC-MSD methods:   
H-print % = HBI III∑  (IP25+ HBI II+HBI III) x 100  (Eq. 1-1) 
The estimated organic carbon contribution resulting from the H-print analysis varies from 
0% to 100%, with lower values indicative of proportionally greater sympagic inputs and 
higher values indicative of proportionally lower sympagic inputs (i.e. substantial pelagic 
diatom sources). Analytical error from replicate control tests was determined to be less than 
14% (relative standard deviation, RSD) for HBI quantification and less than 12% (RSD) for 
H-print values.   
2.2.9. Sea ice concentration and snow cover 
At the sediment trap location, daily averaged sea ice concentrations were retrieved at a 
12.5-km resolution from the National Snow and Ice Data Center (NSIDC, https://nsidc.org) 
using the Defense Meteorological Satellite Program (DMSP) Special Sensor Microwave 
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Imager/Sounder (SSMIS) passive microwave data. Snow depth on top of sea ice was 
retrieved at a 25-km resolution from the Northern Hemisphere snow depth files derived from 
the SSMIS data. Daily sea ice concentration and snow depth were averaged for a delimited 
region above the mooring (44 x 44 km; 71.4–71.8°N; 161.4–161.9°W).    
 The spring sea ice concentration (SpSIC) for each year of the study was averaged 
from monthly (April-June) sea ice concentration using DMSP SSMIS data (Smik et al. 2016). 
The mean sea ice concentration at each of the sediment sample locations was extracted from 
the pixel containing the station location. The sea ice break-up dates were determined at each 
of the surface sediment sample locations. The sea ice break-up date was defined as the date 
when the pixel containing the station registered two consecutive days of sea ice concentration 
≤15%, a common threshold for open water conditions in sea ice studies (Frey et al. 2015). 
The sea ice break-up date was then subtracted from the sample collection date to determine 
the ice-free period prior to sampling at each specific location of interest.  
2.2.10. Statistical analysis 
Spatial analysis of the biomarker concentrations and H-print values were conducted with 
ODV using DIVA (Data-Interpolating Variational Analysis) gridding methods (Schlitzer 
2016). All other statistical analyses were performed in R v. 3.6.1 (R Core Team 2017) and 
plots were produced using the package ggplot2 (Wickham 2016). Multiple linear regressions 
were used to investigate correlations between sea ice data and H-print. One-way ANOVA 
testing and Tukey Honest Significant Difference (HSD) multiple pairwise comparisons were 
used to analyze the differences in relative HBI concentrations by DBO region. Principal 
components analysis (PCA) was used to analyze the impact of individual relative biomarker 
44 
 
abundances at each location. Pearson product moment correlations were used to test for 
relationships among biomarker, diatom and chl a fluxes.  
2.3. Results 
2.3.1. Annual cycle of sea ice concentration, biomarker and diatom fluxes  
At the CEO mooring site, open water conditions persisted from the initial deployment in 
mid-August through mid-November 2015 (Fig 2-3A). The increase in sea ice concentration in 
late November 2015 indicated a rapid sea ice freeze-up and the site remained ice-covered 
through mid-July 2016 (Fig 2-3A). Snowmelt first occurred in May 2016 and sea ice melt 
initiated in June 2016 (Fig 2-3A). Some sea ice (>15%) however remained present above the 
sediment trap until the end of deployment.  
Chl a fluxes ranged from 1.5 to 1.9 mg m-2 d-1 from August through September 2015. Chl 
a levels remained relatively low (below 0.2 mg m-2 d-1) from December 2015 through April 
2016. Chl a rapidly increased in late June 2016 and the maximum flux occurred in late July 
2016 at 4.9 mg m-2 d-1 (Fig 2-3B). Similarly, POC fluxes were highest from August through 
September 2015 (1.09 to 1.18 g C m-2 d-1), a decline through the winter months and steady 
increase beginning in April 2016. The POC flux reached 1.04 g C m-2 d-1 in late July 2016 
before the trap was recovered (Fig 2-3B).  
The sympagic diatom fluxes are indicated by N. frigida and M. arctica (Fig 2-3C).  N. 
frigida was first detected in the sediment trap in early April 2016, increased through late May 
2016 and was no longer detected in early June 2016. N. frigida reappeared in mid-June and 
the maximum flux occurred in late June 2016. M. arctica was detected in the trap in early 
September 2015 and did not reappear until the maximum flux occurred in June 2016, 
corresponding to the peak flux for the exclusively sympagic species. M. arctica resting spores 
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were present in August and September 2015, reappeared in May and remained consistently 
present until the end of the deployment. The Gyrosigma/Pleurosigma/Haslea group was 
detected in the trap throughout most of the year with the exception of early September 
through early November 2015 (Fig 2-3D). This group steadily increased starting in April 
2016 and reaches a maximum in early July 2016.  Rhizosolenia fluxes were only detected as 
intact cells from September through November 2015 (Fig 2-3E) although there were 
substantial fluxes of fragments year round (data not shown). The peak flux occurred in mid-
November 2015.  
IP25 was detected throughout the entire sampling period (Fig 2-3F). IP25 fluxes in the 
initial winter months (December 2015 through February 2016) occurred without the 
corresponding diatom groups recorded in the traps (Figs 2-3D, F). IP25 fluxes began to 
increase in mid-May and reached a maximum in early July 2016 at 1331 ng m-2 d-1 (Fig 2-3F; 
Table 2-3). IP25 sharply declined to 119 ng m-2 d-1 in late July (Table 2-3). This precipitous 
decline coincided with the peak chl a flux (Fig 2-3B). Overall, IP25 fluxes mirrored the export 
of the Gyrosigma/Pleurosigma/Haslea taxonomic group. HBI III was also detected 
throughout the year (Fig 2-3G). The HBI III peak flux corresponded to the maximum 
Rhizosolenia spp. flux. HBI III fluxes reached a maximum flux of 799 ng m-2 d-1 in 
September 2015 (Fig 2-3G; Table 2-3). As indicated by the H-print index, the sympagic 
diatom signal was present but low from September 2015 to late November 2015 with H-print 
values ranging from 48–70% (Table 2-3), representing a mixed to pelagic diatom 
composition. H-print values indicated a strong sympagic diatom signal in late March through 
late July 2016, with the strongest sympagic indicators during mid-May, late June and early 
July. The annual flux of IP25 was 60 µg m-2 yr-1, HBI II fluxes were 278 µg m-2 yr-1, and HBI 




Figure 2-3 Sea ice concentration, snow depth, and annual fluxes of diatoms and biomarkers at 
the Chukchi Ecosystem Observatory 2015-2016 The parameters measured from the CEO sediment 
trap from August 2015 – August 2016 included: A) sea ice concentration (%) and snow depth (cm). 
The blue-dashed line indicates the 15% sea ice concentration threshold defining open water, B) 
chlorophyll a fluxes (mg m-2d-1) and POC fluxes (g C m-2 d-1). POC and chl a data from Lalande et al. 
2020 C) Nitzschia frigida and Melosira arctica fluxes (sea ice exclusive diatoms), D) 
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Gyrosigma/Haslea/Pleurosigma fluxes (group containing HBI-producing species), E) Rhizosolenia 
spp. fluxes (group containing HBI III-producing species), F) IP25 fluxes (ng m-2d-1), and G) HBI III 
fluxes (ng m-2d-1). All panels indicate the ice-covered period within the blue shaded boxes and the 
onset of snow melt is depicted by the red-dashed line. 
Table 2-3 Sediment trap summary data 
Sampling Period 
IP25 Flux  
(ng m-2d-1) 
HBI II Flux  
(ng m-2d-1) 




16-31 August 2015 413 2209 495 24 
1-15 September 2015 540 2654 799 37 
16-30 September 2015 341 1957 732 53 
1-15 October 2015 408 1477 673 63 
16-31 October 2015 146 496 242 63 
1-15 November 2015 103 490 448 70 
16-30 November 2015 199 873 380 49 
1-31 December 2015 140 627 209 39 
1-31 January 2016 47 220 64 37 
1-29 February 2016 223 1143 250 29 
1-15 March 2016 32 162 31 33 
16-31 March 2016 10 44 2 18 
1-15 April 2016 197 1067 232 29 
16-30 April 2016 65 326 43 20 
1-15 May 2016 20 100 25 26 
16-22 May 2016 88 420 14 8 
23-31 May 2016 160 641 75 11 
1-7 June 2016 107 509 70 16 
8-15 June 2016 550 2212 366 19 
16-22 June 2016 400 1795 154 10 
23-30 June 2016 1186 5500 476 9 
1-15 July 2016 1331 6903 559 7 
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Summary of daily (ng m-2d-1) and annual (µg m-2yr-1) HBI fluxes at the Chukchi Ecosystem 
Environmental Observatory moored sediment trap. IP25 and HBI II are sea ice (sympagic) algae 
biomarkers and HBI III is a phytoplankton (pelagic) biomarker. The H-print index represents the 
relative proportion of the pelagic to sympagic contribution of the total HBI flux. Low H-print values 
indicate elevated sea ice algae contributions while high H-print values indicate higher contributions of 
pelagic diatoms. 
A Pearson correlation test was conducted on the assigned diatom groupings, chl a fluxes, 
and HBI fluxes (Table 2-4). The group containing sympagic-HBI producing species 
(Gyrosigma/Pleurosigma/Haslea) was strongly correlated with IP25 fluxes (r=0.80, p<0.001). 
The group containing pelagic-HBI producing species (Rhizosolenia spp.) was not 
significantly correlated with HBI III fluxes. Chl a was positively correlated with IP25 fluxes 
(r=0.60, p<0.01) and Gyrosigma/Pleurosigma/Haslea spp. (r=0.56, p< 0.01). IP25 and HBI III 
were also positively correlated (r=0.61, p<0.01). IP25 was positively correlated with the sea 
ice diatom flux (N. frigida and M. arctica, r=0.58, p<0.05). 
Table 2-4 Pearson product-moment correlation matrix for flux data 
The Pearson product-moment correlation coefficients for the sediment trap flux parameters including: 
sympagic diatom flux (N. frigida and M. arctica), Gyrosigma/Pleurosigma/Haslea spp. flux, 
Rhizosolenia spp. flux, chlorophyll a flux, IP25 and HBI III fluxes. Values in bold indicate significant 
correlation (r) where p < 0.05. An asterisk indicates targeted associations for HBI and diatom 
comparisons. Sample sizes for all parameters were n=23.  
2.3.2. Distribution and variation of biomarker deposition  
16-31 July 2016 119 650 78 12 

















Gyrosigma/Pleurosigma/Haslea flux 0.58       
Rhizosolenia flux -0.25 -0.16      
Chlorophyll a flux 0.55 0.56 0.13    
IP25 flux 0.73 0.80* -0.09 0.60  
HBI III flux 0.11 0.26 0.31 0.35 0.61 
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IP25 was detected in all of the surface sediment samples (Fig 2-4). Localized high 
concentrations occurred in the NECS and BARC regions in 2013 and 2017 and in the 
Chirikov Basin in 2016. IP25 concentrations were generally higher (>3 µg g-1 TOC) overall in 
the NECS and BARC regions relative to the lower latitude DBO regions. The SLIP region in 
2015 was an exception with IP25 concentrations reaching 12 µg g-1 TOC at the SLIP3 station 
(S1 Table), which was the highest concentration observed of all years and stations.  IP25 data 
were only available for the SLIP region from 2015 through 2017, however, the concentration 
decreased over this time. Values exceeded 6 µg g-1 TOC in four samples total (8–12 µg g-1 
TOC), which were determined statistically to be outliers by the IQR (Interquartile Range) 
method, and were incorporated as the maximum value (6 µg g-1 TOC) rather than omitted for 
DIVA gridding. HBI III values were relatively consistent from year to year, with the highest 
concentrations found in the southeast Chukchi Sea (SECS) and northern Bering Sea (SLIP 




Figure 2-4 IP25 and HBI III biomarker distributions  Spatial distribution of the relative abundances 
of IP25 and HBI III concentrations (µg g-1 TOC) in surface sediments from 2012–2017. The white and 
grey bounding boxes indicate the DBO regions from south to north (SLIP, CHIR, SECS, NECS and 
BARC). Not all sampling stations and DBO regions were able to be occupied every year due to sea ice 
or weather, indicated by grey boxes (no data collected). IP25 and HBI III values were used as sympagic 
and pelagic diatom proxies, respectively, for the H-print analysis. Reprinted from Ocean Data View 
under a CC BY license, with permission from R. Schlitzer, original copyright 2020. 
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The spatial distribution of H-print index followed the general pattern of spring sea ice 
retreat each season, with weaker sympagic signatures (H-print > 60%) in the northern Bering 
Sea, particularly south of St. Lawrence Island and in the Chirikov Basin (Fig 2-5). The NECS 
and BARC regions displayed an elevated to moderate sea ice signal each year, with mean H-
print values ranging from ~21–59% for NECS and ~38–49% for BARC (Table 2-5). Spring 
sea ice concentrations derived from satellite data indicated sea ice persistence through July in 
the northeast Chukchi Sea for 2012 to 2017 and an increasing open water period from the 
Chirikov Basin north to the southeast Chukchi sea from 2014 to 2017. By the spring months 
(April-June), the lower latitude stations were consistently ice-free. Four stations in 2017 had 
duplicate surface sediment samples from HAPS core tops and Van Veen grabs. The 




Figure 2-5 H-print index and satellite-derived sea ice concentration  The spatial distribution of H-
print (%) in surface sediments from 2012–2017 and the spring sea ice concentration (SpSIC%) derived 
from April–June mean sea ice concentrations collected from SSMIS passive microwave data (NSIDC). 
The white and grey bounding boxes indicate the DBO regions from south to north (SLIP, CHIR, 
SECS, NECS and BARC). Not all sampling stations and DBO regions were able to be occupied every 
year due to sea ice or weather, indicated by grey boxes (no data collected). H-print ranges from 0-
100%, where low values indicate elevated sea ice algae contributions while high values indicate higher 
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contributions of pelagic diatoms. Reprinted from Ocean Data View under a CC BY license, with 
permission from R. Schlitzer, original copyright 2020. 
Table 2-5 Regional summary of H-print sea ice index spatial distributions 
Mean H-print (mean ± SD) by DBO region and year of sample collection. Sample sizes (n) are in 
parentheses. 
To assess the relationship between the H-print index and sea ice, linear regressions of two 
sea ice metrics were examined, including the SpSIC and sea ice break-up date relative to 
sample collection (Fig 2-5). Both relationships were significant at the 99% confidence level 
but the SpSIC relationship was a better fit (R2=0.46 versus R2=0.34, n=184).  The SpSIC and 
H-print regression shows that the locations with ice-coverage through spring had more 
substantial sympagic HBI contributions (Fig 2-6A). The number of ice-free days before 
sampling shows longer relative periods of open water were associated with reduced sympagic 
and elevated pelagic organic matter inputs (Fig 2-6B). There was a linear gradient and 
association between higher H-prints and extended open water periods (lower spring sea ice 
concentration) at lower latitudes and lower H-prints with higher spring sea ice and shorter 
ice-free periods at higher latitudes. There was a large degree of variability in both 
relationships. 
  Mean H-print (%) by Year 
DBO Region 2012 2013 2014 2015 2016 2017 
St. Lawrence Island Polynya 
(SLIP) - - - 
71 ± 32 
(5) 
88 ± 2 
(5) 
86 ± 1 
(4) 
Chirikov Basin (CHIR) - - 82 (1) 
88 ± 6 
(4) 
82 ± 18 
(6) - 
Southeast Chukchi (SECS) - - 
76 ± 16 
(12) 




87 ± 9 
(7) 






54 ± 3 
(6) 
21 ± 10 
(6) 
59 ± 8 
(4) 
49  ± 
11 (18) 
Barrow Canyon (BARC) - 
41 ± 9 
(10) 
49 ± 6 
(3) 







Figure 2-6 Latitudinal variation and correlation of the H-print index with sea ice  The 2012–2017 
H-print values were compared with two different metrics for sea ice to determine the influence on the 
biomarkers. A) Linear regression of H-print and the mean Spring Sea Ice Concentration (SpSIC) 
derived from April-June monthly sea ice concentration values. B) Linear regression of H-print and the 
ice free period determined by the sea ice break-up date relative to sample collection date. Both 
relationships are shown with respect to latitude.   
To further explore the relationship between latitude and H-print, the H-print values were 
grouped by DBO region and plotted by latitude (Fig 2-7A). The box-and-whisker plots show 
the transition of increasing sea ice algal signature from south to north. There is also a greater 
degree of variability in the Chukchi Sea regions (SECS, NECS and BARC). The principal 
components analysis with individual HBIs (IP25, HBI II, and HBI III) and grouped by DBO 
region also depict a divergence between the SLIP-CHIR-SECS and the NECS-BARC 
regions. 
A one-way ANOVA test for the H-print values grouped by DBO region suggests that the 
mean values were statistically different (p<0.001, F-value=55.97). A Tukey multiple-
pairwise comparison indicates that the differences between NECS-BARC, SECS-CHIR, 
CHIR-SLIP, and SLIP-SECS were not significant. In other words, the northern regions 
(NECS, BARC) are similar to each other and the southern regions (SLIP, CHIR, SECS) are 
similar to each other, but both of the northern stations differ from each of the southern 
stations (p<0.001). The H-print index varied by latitude, with the greatest amount of 
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variability among NECS and BARC locations in addition to a stronger sea ice carbon 
signature at the higher latitudes (71–73°N) and stronger pelagic influence at the lower 
latitudes (62–68°N; Fig 2-7A). The PCA of the relative abundances of individual HBIs 
grouped by DBO region also supports this divergence in H-print between the northern Bering 
and northeast Chukchi Seas (Fig 2-7B). The first principal component (PC1) accounted for 
83.3% of the variation, with primary contributions from HBI III, and the second principal 
component (PC2) accounting for 16.6% of the variation, with HBI II and HBI III as the 
primary contributors (Fig 2-7B). 
 
Figure 2-7 H-print index by DBO region   Statistical analysis of the H-print values from surface 
sediments in relation to the location A) boxplot of H-print variability by DBO region and latitude B) 
Multivariate separation of surface sediments visualized by principal components analysis (PCA) of 
individual HBIs (IP25, HBI II isomers, and HBI III) grouped by DBO region.   
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The annual mean H-print and SpSIC values for the two distinct regions were grouped to 
assess temporal trends over the study period (Fig 2-8). Based on regression analyses, the only 
significant trend identified was for the SpSIC in the northeast Chukchi Sea, with a decline of 
5.8% per year (p<0.001). However, the patterns are consistent for both regions, where the 
SpSIC is declining and the H-print is increasing from 2012–2017 in the northeast Chukchi 
(Fig 2-8A) and from 2014–2017 in the northern Bering and southeast Chukchi Seas (Fig 2-
8B). 
 
Figure 2-8 Annual trends in H-print and spring sea ice concentration  (A) the northern Chukchi 
DBO regions (NECS and BARC) for 2012–2017 and (B) the Bering-southeast Chukchi DBO regions 
(SLIP, CHIR and SECS) for 2014–2017.  The bold dashed line shows the only significant trend 
(p<0.01). 
2.3.3. HBI profiles in sediment cores 
 The core collected on the Chukchi shelf break, NNE14, showed minimal signs of 
bioturbation, based visually on three distinct layers of sediment and validated by 137Cs 
measurements indicating a single subsurface peak in the upper 5 cm (Fig 2-9) that can be 
interpreted as corresponding to the bomb fallout peak in 1963 (Cooper & Grebmeier 2018). 
The top 3 cm of the core consisted of oxidized red-brown sediment, the next 5 cm consisted 
of brown sediments with similar consistency as the shelf sediments, and the remaining length 
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of the core was composed of grey, fine-grained sediments. The H-print values for this core 
were generally homogenous and less than 30%, indicating a high and consistent degree of 
sympagic organic carbon contributions (Fig 2-9). The core collected on the Chukchi shelf, 
DBO 4.6, on the other hand, was subject to significant bioturbation, including by polychaete 
worms present in the core when it was sectioned (sometimes spanning multiple core 
intervals). The H-print values from this core were higher than the slope core, with values 
ranging from 30–55%, representing a greater pelagic contribution compared to the slope core 
but still having substantial sympagic inputs.  
 
Figure 2-9 H-print and rRadiocesium profiles in sediment cores  H-print profiles for a core 
collected on the Chukchi slope, NNE-14 (blue), and a bioturbated core collected on the shallower 
Chukchi shelf at DBO 4.6 (red). 137Cs profiles for NNE-14 and UTX13-23, a core collected in close 
proximity to DBO 4.6, depict the consistent sedimentation or bioturbation of deposited material. 
2.4. Discussion 
Recent trends in sea ice formation and retreat in the Pacific Arctic include delayed freeze 
up in the Chukchi Sea, driven by increasing sea surface temperatures, water column heat 
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content and atmospheric dynamics, which ultimately result in later ice formation and earlier 
retreat in the Bering Sea (Frey et al. 2015, Frey et al. 2018, Stabeno et al. 2019). These recent 
higher surface water temperatures, particularly if paired with southerly winds in the winter, 
lead to conditions where sea ice does not reach the historical (1981–2010) median extent. In 
particular, the 2017–18 overwinter period was an extreme year for sea ice decline in the 
northern Bering Sea (Frey et al. 2018, Grebmeier et al. 2018, Stabeno et al. 2019).  In 2018, 
the winter sea ice extent in the Bering Sea was the lowest on record followed by 2019, which 
was the second lowest maximum extent on record (Fetterer 2017, updated daily, Grebmeier et 
al. 2018). These areas once recurrently covered by ice in winter and early spring were open 
waters.  In July 2019, the Chukchi Sea also experienced record low sea ice extent, with sea 
ice retreating off of the shelf by this time (Fetterer 2017, updated daily). Four of the six years 
analyzed in this study in the Chukchi Sea were among the top ten record low sea ice years 
based on regional analysis of satellite data (Fetterer 2017, updated daily). Therefore, all of the 
data examined in this study have occurred in a period of anomalies in the overall record, or a 
new norm relative to the satellite record.  
2.4.1. Seasonal variations of HBI and diatom export in the northeast Chukchi 
Sea 
 The IP25 and sea ice diatom fluxes observed at the CEO indicated an early summer 
sea ice algal bloom on the Chukchi shelf. Peak IP25 fluxes during early July 2016 (1331 ng m-
2 d-1), coincided with the largest flux of the diatom group Gyrosigma/Pleurosigma/Haslea 
(Fig 2-2D), which account for ~1% of the relative abundance of major diatom taxa groups 
(Lalande et al. 2020). This value is higher than maximum values observed in August 2008 
and August 2009 in the Chukchi Borderland (46 ng m-2 d-1 and 33 ng m-2 d-1, respectively) 
(Bai et al. 2019). This is not surprising given that generally shallow Arctic shelves are more 
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productive than the basin and slope regions (Gradinger 2009, Lalande et al. 2019). The 
presence of sea ice associated species, such as N. frigida and M. arctica, provided additional 
indicators of ice algae release. Export of N. frigida was first detected at the CEO sediment 
trap in early April 2016 (Fig 3C), which was followed by the highest detected relative 
abundance of Gyrosigma/Pleurosigma/Haslea (~5%) in late April (Lalande et al. 2020). The 
slight increase of IP25 fluxes from January to February 2016 (47 to 223 ng m-2 d-1, Table 3) 
corresponds to the reappearance of the Gyrosigma/Pleurosigma/Haslea taxonomic group 
(Lalande et al. 2020).  This timing would correspond to the first seasonal deposition by 
known IP25 producers contributing to the algal flux from the CEO site. This period also 
corresponds to an increase in HBI III (220 to 1143 ng m-2 d-1).  The sharp decline in IP25 in 
late July, along with an increase in pelagic diatom species (Chaetoceros and Thalassiosira 
spp.) (Lalande et al. 2020), likely signified the end of ice associated diatom export as a result 
of the bottom few centimeters of sea ice melting that contain the most organic material and 
nearly all sea ice algae (Juul-Pedersen et al. 2008).  
There were limitations in this study for comparing the selected diatom fluxes with the 
HBI fluxes, as taxonomy to the desired level was not feasible. The flux of the 
Gyrosigma/Pleurosigma/Haslea group into the sediment trap was used to compare the IP25 
fluxes, given the potential inclusion of the three or four known species that produce IP25 from 
the genera Haslea and Pleurosigma (Brown et al. 2014c). However, this genus cluster also 
includes species that are not HBI producers and diatoms that are not considered exclusively 
sympagic. HBI-producing species are minor taxa (ca. 1–5%) and only represent a small 
fraction of the abundances observed in this group (Brown et al. 2014c). Therefore, these 
results are presented with caution in regards to being the direct source for IP25. However, the 
onset of increasing levels of IP25 strongly corresponded to the increasing levels of the 
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sympagic diatoms and the Gyrosigma/Pleurosigma/Haslea group as indicated by the Pearson 
product-moment correlation (r=0.73 and 0.80, p<0.001; Table 2-4). The strong correlation of 
IP25 with the sea ice diatom group and the Gyrosigma/Pleurosigma/Haslea genus group 
strengthens our interpretation that IP25 is an appropriate sea ice proxy on the Chukchi shelf. In 
an example that echoes the complexities we observed in HBI source attribution, in a study 
conducted in an ice-covered fjord in Greenland, all known HBI-producing species were 
detected in ice cores and algal fluxes at 37 m but IP25 production could only be attributed to 
H. spicula (Limoges et al. 2018). Limoges et al. (2018) also found that H. crucigeroides and 
H. vitrea were producing both the diene (HBI II) and triene forms (HBI III), meaning that it is 
unclear what promotes synthesis of IP25, including the sea ice conditions and other parameters 
that may promote or depress the synthesis of this compound. A recent study found that sea ice 
diatoms increase HBI concentration up to ten-fold when nutrients are a limiting factor 
(Brown et al. 2020). We had to address similar uncertainties in determining the HBI III 
producing species in this study. The decision to investigate the correlations between 
Rhizosolenia fluxes with HBI III was made as this genus contains several HBI III producing 
species, but again would not encompass all potential sources. However, we found no 
correlation between the Rhizosolenia spp. and HBI III flux (Table 2-4). It is also noteworthy 
that the HBI III flux decreased in late July as chl a reach a maximum flux during a pelagic 
under-ice phytoplankton bloom (Fig 2-3B, G). There was also a positive correlation between 
IP25 and HBI III fluxes that we cannot unambiguously interpret. This correlation could be due 
to the potential overlap of the taxa and broad assignments of possible biomarker producers 
(i.e. Pleurosigma). The weaker correlations with HBI III overall may suggest that HBI III 
perhaps is not reliable as a pelagic productivity indicator at this location and that 
Rhizosolenia did not adequately capture the source of the HBI III. This finding was also 
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discussed in a recent study in the sea ice, raising similar complexities in assigning this to a 
pelagic source or the potential of regional implications (Amiraux et al. 2019). An association 
of HBI II and HBI III was also observed in the Antarctic where it was suggested that HBI III 
is an indicator of the intense phytoplankton blooms that emerge in the marginal ice zone 
(MIZ) rather than open water, meaning that HBI III was more suitable as a proxy for sea ice 
seasonality or MIZ duration (Collins et al. 2013). 
The HBI fluxes obtained at the CEO suggest that a combination of processes including 
production, resuspension and advection led to the persistent IP25 signature in the algal flux 
recorded on the northeast Chukchi Sea shelf. The high export event at the end of June and 
beginning of July in 2016 (Fig 2-3 B-G) corresponded to the declining sea ice concentration 
rather than the early snowmelt in May (Fig 2-3A). This could also mean that IP25 producing 
diatoms were present below the ice, rather than within the ice matrix. While pelagic diatoms 
were largely responsible for the chl a signal in the NECS region from August to October 
2015, based upon taxonomic analysis, IP25 and HBI II fluxes observed under-ice during April 
and May 2016 reflected a large proportion of sea ice algae in diatom export. 
Photosynthetically active radiation (PAR) measured at 33 m depth at the CEO began to 
increase (>1 uE cm-2 s-1) in March 2016, reaching upwards of 15 uE cm-2 s-1 in May 2016 
(Hauri et al. 2018).  The onset of increasing PAR, along with snow melt (Fig 2-3A), triggered 
the initiation of the sea ice algae export, as reflected in the HBI fluxes and the first maxima of 
the sympagic diatom (N. frigida) in the trap material in May 2016. Export occurring prior to 
melt events was possibly due to the detachment of ice algae by currents and/or grazing 
processes. Diatoms that may have been incorporated into the ice matrix seeding a 
phytoplankton bloom (e.g. Fragilariopsis spp., Pseudonitzschia/Nitzschia spp.) dominated 
algal fluxes in July before complete sea ice retreat, along with the exclusively pelagic diatom 
62 
 
Chaetoceros spp. (Lalande et al. 2020). A Bering Sea study previously found a fluid 
reciprocity between sympagic and pelagic diatoms through the melt season, with both groups 
incorporated into the sea ice matrix and a gradual transition of assemblages throughout the 
season (Szymanski & Gradinger 2016).  
The most notable finding from the sediment trap analysis was the detection of IP25 fluxes 
year round, likely the result of both new production and resuspension events. Our 
observations are consistent with continuous fluxes of organic matter, which were recorded 
under land-fast ice from winter through late spring on the Mackenzie Shelf of the Beaufort 
Sea, although particulate organic carbon fluxes in winter were not consistent with diatom 
export (Juul-Pedersen et al. 2008). In our samples, there was a lack of chloroplast-containing 
Haslea spp. during most of the winter months (October through February; Fig 3D). The 
winter sympagic HBI signal may be the result of resuspension, as supported by the low 
export of diatoms with chloroplasts recorded during winter (Lalande et al. 2020).  
Pelagic HBI III fluxes increased from 495 to 799 ng m-2 d-1 from August to September 
2015, reflecting the export of an autumn phytoplankton bloom and/or resuspension due to 
storm activity (Table 2-2). The large flux of HBI II (2654 ng m-2 d-1; Table 3) at this sampling 
interval suggested resuspension as more likely than in situ production given the absence of 
sea ice. During this period, there was also a large flux of chloroplast-containing 
Cylindrotheca closterium, a rapid growing diatom when resuspended in the euphotic zone 
and common on shallow shelves, among other diatoms that suggested a resuspension-driven 
autumn bloom as sea ice was absent and sunlight sufficient for growth (Lalande et al. 2020). 
In addition, water temperatures, salinity and nutrient data collected at the CEO as well as the 
meteorological record from the US National Weather Service station in Utqiaġvik indicated 
an increase in storm frequency and intensity during this period (Hauri et al. 2018). These fall 
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storms generally lead to a mixing of the water column, bringing remineralized nutrients to the 
surface, and allowing for the possibility of an autumn bloom (Woodgate et al. 2005b).  
2.4.2. Latitudinal gradients of sympagic HBIs and declining sea ice  
While core tops can provide more reliable collection of undisturbed surface sediments, 
comparisons of surface sediments collected by Van Veen grabs and Haps core tops in this 
biologically productive region were found to have no significant difference in radiocesium 
activity, suggesting similar recent deposition (Cooper et al. 1998). Therefore, we are 
confident that the results from the surface sediment analysis present recent deposition with 
some degree of interannual variability, but unlikely to represent a single year due to the 
mixing on the shelf. 
 IP25 and HBI II were detected throughout our study sites in the Bering and Chukchi Seas. 
The range of IP25 concentrations in the surface sediments (0–12 µg g-1 TOC), are comparable 
with the range of previously reported pan-Arctic observations (0–10 µg g-1 TOC) (Xiao et al. 
2015). The largest concentration observed (12 µg g-1 TOC), in addition to samples with 
values exceeding 10 µg g-1 TOC (n = 4), suggest there were localized areas of elevated ice 
algal export in the Pacific Arctic. One prior study of IP25 in the Pacific Arctic indicated 
comparable concentrations (0–5 µg g-1 TOC (Bai et al. 2019)). However, direct comparisons 
with our data may be equivocal because of the less productive location further offshore near 
the Chukchi Borderlands. In addition, there were methodological differences in the prior 
study because instrument response factors were not taken into account in their IP25 estimates.   
When the H-print index was compared with two satellite-derived sea ice metrics (mean 
spring sea ice concentrations and ice-free period before sample collection), there was general 
agreement regarding the periods of open water and sea ice cover for each season (Figs 2-5 
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and 2-6). The H-print was a slightly better predictor of the mean spring sea ice concentration 
rather than break-up date, likely due to the scale of this measurement and the resolution of the 
satellite data. As was the case with the sediment trap analysis, the snowmelt period prior to 
break-up was the event that initiated the biomarker flux consistent with an ice algae bloom. 
This parameter likely signified melt pond formation and melting of the bottom few 
centimeters of sea ice. This represents an advantage over satellite-based observations that do 
not indicate whether there was significant production occurring beneath the ice.  
H-print indices from 2014–2017 show significant sea ice algal deposition, and increasing 
proportions of sympagic inputs on a latitudinal gradient (Figs 2-3, 2-6A). Pelagic influences 
were significantly greater in the northern Bering Sea and southeast Chukchi Sea than in the 
northeast Chukchi Sea. However, individual biomarkers provide a more nuanced perspective 
of localized areas of elevated ice algae markers. Sea ice algal material deposition was 
increasingly significant throughout the northeast Chukchi shelf, southeast of Hanna Shoal and 
in upper Barrow Canyon (Fig 2-3).  
Northern Bering and Southeast Chukchi Seas  
Although the H-print suggests proportionally low ice algae deposition throughout the 68–
70°N stations overall, there were occurrences of elevated IP25 concentrations relative to all 
sampling locations. These localized areas were observed in the SLIP, CHIR, and SECS 
regions and contained some of the highest concentrations observed in this study.  For 
example, in the SECS region in 2015, station SEC6 had an IP25 concentration of 11 µg g-1 
TOC but an H-print of 74%, suggesting greater pelagic influence.  These cases in which there 
are high IP25 concentrations with higher H-print values (>50%) can be explained by a 
significant contribution in mass by sea ice algae but not necessarily the proportion of total 
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production that may be sustained in the open water season by pelagic production (Grebmeier 
et al. 2015). This could also be attributed to environmental drivers, such as nutrient limitation 
increasing HBI production (Brown et al. 2020). Given that the H-print is determined as a ratio 
of the pelagic HBI to total HBIs, this index may reduce the prominence of the early season 
input of ice algae in the northern Bering Sea where phytoplankton blooms are substantial in 
the summer months and can also experience autumn blooms (Hill et al. 2018). The apparent 
dominance of the pelagic signature is consistent with the longer open water period and more 
time for pelagic phytoplankton production compared to the study area to the north. However, 
there were a few notable exceptions to the high IP25 coinciding with high H-print scenarios. 
For example, at the SLIP3 station in 2015 we observed a low H-print (35%) and high 
concentration of IP25 (12 µg g-1 TOC; Table S1).  This is the general location of the recurring 
St. Lawrence Island polynya that forms in the winter, enhancing the production of sea ice and 
late winter production, but these data suggest that summer open water production is not as 
prominent.  HBI profiles in sediments near a polynya have not been widely described or 
reported, but this could be one explanation for this observation.  
 Advection through the Pacific Arctic region provides an important source of nutrients 
and organic matter. Upstream production of ice algae could be a contributing fraction of the 
material carrying the IP25 observed in the sediment trap prior to ice melt in the northeast 
Chukchi Sea, given the pattern of sea ice retreat. The appearance of IP25 in the surface 
sediments at these lower latitude stations does suggest the sinking of some portion of this 
production. However, retention of IP25 is likely greater in SLIP and SECS than in CHIR 
based on larger sediment grain size (Grebmeier et al. 2015) and stronger currents in the 
Chirikov Basin as the flow pathways converge entering Bering Strait (Roach et al. 1995, 
Gong & Pickart 2015). There is generally limited pelagic grazing by zooplankton at the time 
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of ice algal production in the SLIP region, allowing for the organic matter to settle largely 
unaltered to the benthos (Grebmeier et al. 1989, Grebmeier et al. 2010, Szymanski & 
Gradinger 2016).  
The SLIP region has been undergoing a shift in the arrival, retreat and duration of sea ice 
in the past several years (Frey et al. 2018, Stabeno et al. 2019). There was an unprecedented 
decrease in sea ice duration in this region in 2014/15, 2016/17 and 2017/18 (Stabeno et al. 
2019). H-print values for surface sediments in the 2015–2017 seasons are consistent with 
these indications of open water productivity. If the current trend in the SLIP region towards 
more ice-free conditions year round continues, early ice algal production will be increasingly 
removed from the local food web; water column stratification may not occur until later in the 
season, which could result in decreased phytoplankton production (Stabeno et al. 2019).  
Northeast Chukchi Sea 
Among the biomarkers studied here, sympagic HBIs were the dominant contributor in the 
NECS for all years sampled. Given the insights from data on the ice algal fluxes at the CEO, 
it is reasonable that ice algal production, export, advection, and resuspension sustain a year 
round source of sea ice algal material to the benthos of the Chukchi Shelf. However, 
particulate organic carbon and diatom export have been found to be highly variable on the 
Chukchi shelf (Lalande et al. 2007). Surface sediments collected at stations nearest the 
moored CEO sediment trap show some of the highest concentrations of IP25 and HBI II 
observed in this study. In addition, N. frigida and M. arctica fluxes, which are generally low 
on Arctic shelves, were higher at the CEO sediment trap in the northeast Chukchi Sea than 
fluxes observed in the Beaufort Sea and the Eurasian Arctic (Dezutter et al. 2019, Lalande et 
al. 2019), suggesting elevated sea ice algal export in 2016. 
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The NECS hotspot is known for high in situ production with pelagic and benthic 
retention in addition to the inputs of upstream productivity (Grebmeier et al. 2015).  The flow 
is variable, paired with a heterogeneous bathymetry that promotes retention of cold and saline 
water that forms in the winter, carrying relatively high nutrient concentrations (Woodgate et 
al. 2005a, Weingartner et al. 2017). Hanna Shoal is an important subsurface feature in the 
NECS, with active ice keeling and sea ice persistence after ice has melted elsewhere on the 
shelf (Weingartner et al. 2017). Productivity is high along the southeastern flanks of Hanna 
Shoal, where strong pelagic-benthic coupling results in increased benthic biomass and 
foraging opportunities for walruses in the late summer (Grebmeier et al. 2010, Jay et al. 2012, 
Grebmeier et al. 2015, Jay et al. 2017).  
Barrow Canyon also appears to be a region of high ice algal material inputs due to the 
low H-print values and low abundances of HBI III. Much of the current flow from the 
Chukchi shelf exits through Barrow Canyon, carrying organic matter towards the deeper 
Canada basin. Export fluxes of particulate matter are high both in the presence and absence of 
sea ice in Barrow Canyon with more labile, fresh organic matter exported than in other 
regions of the Chukchi shelf (Lalande et al. 2007).  It is probable that there is local production 
of sea ice algae, given the dominance of sympagic HBIs, but sediments also contain advected 
material from the shelf. Consequently, sea ice algal material appears to make a significant 
contribution to the benthos at this study location in addition to also likely forming a source of 
sympagic production that is exported into the deeper basin.   
2.4.3. Sympagic HBI burial through bioturbation and sedimentation 
The H-print levels from the sediment core collected on the slope (NNE-14) were 
dominated by sea ice carbon biomarkers throughout the entire 20 cm core depth (Fig 2-9). 
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The location of this core, near the median minimum limit of summer sea ice extent (1981–
2010, Fig 2-2A), means it is likely representative of late season export and a shorter duration 
of open water relative to the shelf. Sedimentation rates for this core based on estimates from 
peak 137Cs activity (0.04 cm yr-1) were similar to the estimate from 210Pb (0.02 cm yr-1, data 
not shown), suggesting a core spanning centuries of deposition. Based on radiocesium 
measurements throughout the shelf region, maximum 137Cs activity occurs between 6-10 cm 
depth, suggesting the surface sediments represent years and not decades or centuries of 
deposition (Cooper & Grebmeier 2018). While core tops can provide more reliable collection 
of undisturbed surface sediments, comparisons of surface sediments collected by Van Veen 
grabs and Haps core tops in this biologically productive region were found to have no 
significant difference in radiocesium activity, suggesting similar recent deposition (Cooper et 
al. 1998). The H-print values were slightly higher in the top 6 cm (>20%, Fig 2-9), where the 
sediment characteristics were similar to the shelf, although still predominantly sympagic, 
suggesting a possible recent increase in pelagic phytoplankton deposition. In the bottom 8–20 
cm of the core, where the composition consisted of grey, fine-grained sediments, the H-print 
is relatively homogenous and strongly sympagic (8–20 %, Fig 2-9). The 137Cs profile from 
the station UTX 13-23 on the shelf (Fig 2-9) suggests a well-mixed profile and a somewhat 
mixed composition of HBIs at nearby DBO4.6 (H-prints between 40 and 60%). However, 
there is an increasingly sympagic signature (~30 %) at the bottom of the core, suggesting a 
persistence of the sympagic sourced organic matter at depth or possibly a reduction of 
sympagic production associated with sea ice declines. Since the shelf has higher nutrient 
loads, levels of productivity (Gradinger 2009), and an earlier retreat of sea ice, it is not 
surprising the core collected at DBO4.6 indicates a greater influence of pelagic production 
than NNE14. The H-print data from NNE14 also reflects the limits of phytoplankton 
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deposition relative to sea ice algal deposition on the slope, since this core was collected from 
a slope area that was historically close to the minimum extent of the ice edge or is ice-
covered for most of the year.  
The sediment core H-print data collected near DBO4.6 supports the assumption that there 
is rapid burial of sea ice algae relative to phytoplankton. The propensity of ice algae to form 
aggregates, facilitated by microbial exopolymeric substances and the rapid sinking of the 
pennate diatom N. frigida, may indicate greater relative pulses of ice algae to the seafloor 
despite a larger relative proportion of pelagic productivity (Riebesell et al. 1991, Riedel et al. 
2006). These processes have also been suggested to support the greater burial potential of 
sympagic lipid biomarkers (Amiraux et al. 2017, Amiraux et al. 2019). The H-print values 
also suggest there is a greater source of ice algae lipids available to the benthic infaunal 
communities that occupy these sediment horizons. HBI burial data are not available for cores 
spanning the entire shelf, but it can be expected from the surface sediment data presented in 
this study that it is likely that ice algal lipids are stored in sediments throughout the Bering 
and Chukchi shelf. The persistence and potential availability of labile ice algal lipids mixed to 
depth in the sediments is an important consideration for assessing the ecosystem response to 
the loss of seasonal sea ice. It is important to note that despite the high degree of bioturbation, 
the preservation of these biomarkers is still robust. IP25 in particular has proven to be 
controlled more by climatic conditions rather than degradation processes (Rontani et al. 
2018b). According to Rontani et al. (2019a), autoxidation of lipids in the oxic layers of 
sediments can be particularly important in regions of low accumulation rates, where near-
surface sediments can represent decades to centuries of deposition. There is relatively high 
deposition based on 137Cs sediment profiles throughout the Chukchi Shelf, where the 137Cs 
maxima associated with peak bomb fallout deposition (1963) averaged 7-8 cm in depth. 
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Radiocesium based sedimentation estimates determined from these previous studies on the 
shelf ranged from 0.1 up to 0.3 cm yr-1 (Cooper & Grebmeier 2018), suggesting deposition on 
the scale of years in near-surface sediments.  
2.4.4. Mechanisms for HBI distribution throughout the Pacific Arctic 
 The gradient of HBIs throughout the northern Bering and Chukchi Sea sampling 
locations and the seasonal succession of sympagic to pelagic diatoms as determined through 
export fluxes at the CEO (Lalande et al. 2020), suggests a general regionally-specific HBI 
production mechanism (Fig 2-10). In similarity to the use of HBIs in the Antarctic MIZ 
(Collins et al. 2013), the HBI distribution in the Pacific Arctic may be a proxy for relative sea 
ice persistence rather than proportions of production of sea ice algae and phytoplankton 
organic matter. In the more southerly latitudes of the northern Bering Sea (62-65°N), sea ice 
persistence typically occurs 0–3 months of the year. Sea ice retreat historically initiated early 
in the year (March-April), allowing for a spring sea ice algae bloom. The ice algae bloom is 
thought to seed a phytoplankton bloom as the ice retreats, with a gradual transition of 
sympagic to pelagic assemblages (Szymanski & Gradinger 2016). The more recent extended 
open water period in the northern Bering Sea region and a deepening of the mixed layer 
allows for a second phytoplankton bloom in the fall before sea ice freeze up, which may be 
particularly relevant during warmer years (North et al. 2014). Therefore, sympagic HBI (IP25 
and HBI II) production likely occurs during the brief period in early spring with two possible 
pulses of HBI III production throughout the late spring and fall. This results in a greater 
relative proportion of the apparent pelagic HBIs relative to the sympagic-origin HBIs. There 
are also likely to be years with no new IP25 or HBI II production due to the timing of sea ice 
retreat or lack of formation. The current flow over the Bering shelf, through Bering Strait and 
into the Chukchi shelf promotes the advection of HBIs northward, potentially elevating the 
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HBI III proportionally in the southeast Chukchi Sea as currents slow north of the Strait. HBI 
flux data in the northern Bering Sea do not yet exist but could help to refine some of these 
assumptions.  
 In the northeast Chukchi Sea, sea ice coverage extends into the summer months 
(July-August), with some regions of localized persistence throughout the summer, 
particularly near Hanna Shoal (Weingartner et al. 2017). Sea ice persistence at these higher 
latitudes typically occurs for 6–9 month intervals. Advection of HBIs from more southerly 
locations is likely but ultimately may be a minimal source deposited to the northern shelf 
sediments, due to the aggregation and rapid sinking of diatoms closer to the point of 
production (Legendre et al. 1992). The sympagic production initiates with increasing PAR 
followed by the release of ice algae in April-May, and an under-ice bloom composed of 
sympagic and pelagic diatoms from June to August as open water is initiated (Fig. 10). The 
presence of exclusively pelagic diatoms reflected the development of an under-ice bloom, as 
observed in June and July 2016 (Lalande et al. 2020), with HBI III export that coincides with 
pelagic-sourced production. However, the peak export of HBI III should occur after ice break 
up during the open water period. In this study, IP25 export occurs year-round through both 
new production and resuspension. The appearance of M. arctica resting spores following the 
ice algae bloom and through the fall months supports the prevalence of sympagic diatom 
persistence in a sediment “seed bank”, which can be resuspended in the fall (Ellegaard & 
Ribeiro 2018). The presence of IP25 throughout the year may suggest that Haslea and 
Pleurosigma resting cells persist until the return of sea ice on the Chukchi shelf. Supporting 
evidence of this was observed in laboratory cultures of H. crucigeroides and H. vitrea 
maintained in complete darkness for over six months, where the cells remained viable and 
with their HBI content the same as when grown in light (unpublished data). Owing to the 
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shallower conditions on the Chukchi shelf (40–50 m), it seems clear that resuspension during 
the open-water period plays an important role in the persistent IP25 signal. 
 
Figure 2-10 Conceptual diagram for the production, flux and fate of HBIs in the Pacific Arctic  
Sea ice persistence increases from the northern Bering Sea to the northeast Chukchi Sea. There is a 
brief opportunity for sympagic production (yellow shading) in the Bering Sea due to the timing of sea 
ice retreat and return of sunlight, followed by extensive ice-edge and open water phytoplankton 
blooms (green shading) in the spring and fall. Sympagic production can occur over a longer period in 
the Chukchi Sea. Sympagic IP25 production (yellow circles) occurs in much lower proportions to 
pelagic HBI III (green circles) owing to the extensive open water period in the northern Bering Sea. In 
the Chukchi Sea, there is a greater proportion of IP25 to HBI III. This relative proportionality is 
observed in the surface sediments when sampled in the summer (pie chart). There is rapid burial of the 
sympagic HBIs (yellow spiral) owing to aggregation and rapid sedimentation in both regions, with a 
greater proportion available on the Chukchi shelf. Resuspension (upward arrows) plays a larger role in 
the Chukchi Sea, sustaining the suspension of IP25 and in the water column. Advection (horizontal 
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arrows) is also likely to be a more prominent contribution to the HBI signal in the Chukchi than the 
northern Bering Sea.  Symbols courtesy of the Integration and Application Network, University of 
Maryland Center for Environmental Science (ian.umces.edu/symbols/) and reprinted under a CC BY 
license, permission from B. Walsh, original copyright 2020. 
2.5. Conclusions 
Based on the results of this study, sea ice algae (or some component of sea ice algal 
origin i.e. lipids, fatty acids, hydrocarbons) are present year-round in the northeast Chukchi 
Sea with export events occurring to some degree at all phases of the sea ice cycle, along with 
seasonal resuspension events. This study also confirms that satellite observations 
underestimate the ice algal component due to peak export occurring during snow melt that 
happens before sea ice break up.  The presence of IP25 without strong indications of the 
associated diatoms present emphasizes the need for future investigations on IP25 synthesis 
using ice cores from the Bering and Chukchi seas and the possibility of identifying other 
species that are capable of producing these compounds. Given the overlap of HBI III 
production with Pleurosigma spp., the weaker correlations with Rhizosolenia spp., and 
correlations with sympagic HBIs, the need to determine the fidelity of truly pelagic HBI 
biomarkers is still an ongoing imperative.  
This study presents an assessment of the production, flux and fate of HBI biomarkers 
using the H-print sea ice index in the Bering-Chukchi Sea inflow shelf system. We found 
evidence of a northward latitudinal gradient of decreasing pelagic to sympagic production 
proportionality in the Pacific Arctic system likely driven by sea ice persistence. These data 
indicate that sea ice algae contribute a significant portion of the organic matter deposited to 
the seafloor in the NE Chukchi Sea, with a peak early spring pulse and year-round 
persistence. With a foundational understanding and baseline measurements of the production 
and distribution mechanisms of HBIs in the Pacific Arctic region, these lipid biomarkers may 
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serve as an integrating tool to better understand and monitor the rapid changes occurring in 
this ecosystem, which are associated with shifts in the timing and distributions of primary 
production with cascading effects in the food web. HBIs provide a targeted approach to 
isolating the sea ice algae contributions that other methods lack (e.g. stable isotopes, fatty 
acids). However, there are still limitations as these biomarkers are proxies and may not 
always faithfully reflect the community composition. Setting the region apart from the rest of 
the Arctic, the Pacific Arctic is one of the world’s most productive ocean ecosystems 
(Grebmeier et al. 2006a) with nutrient-rich waters allowing for high primary production, 
emphasizing the importance of regional considerations when applying HBI biomarkers to 
paleoclimate studies. This includes the influence of physical drivers, nutrient dynamics, 
primary production rates and phytoplankton community composition that likely influence the 
abundance and proportion of HBI production.   
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Abstract  
We studied ice algae utilization by benthic fauna from the northern Bering and Chukchi 
Seas using highly branched isoprenoid (HBI) biomarkers. We assessed whether various food 
acquisition strategies influence the observed HBI signatures. The proportion of phytoplankton 
to ice algae-sourced HBIs was determined through the H-print approach that is presumed to 
reflect the percentage of sea ice organic carbon (iPOC) incorporated into tissues, relative to 
phytoplankton organic carbon. Cluster analysis separated three groups based on location and 
feeding strategy that were significantly influenced by annual sea ice persistence. Ice algae 
utilization was most significant in the northeast Chukchi Sea, where seasonal sea ice was 
present the longest. General feeding strategy was determined to be a significant factor in the 
degree of ice algae utilization. Predominant deposit feeders (both surface and subsurface) 
used more ice algae relative to suspension feeders. Organic carbon incorporated by 
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predominant suspension feeders was primarily phytoplankton-based. The vast majority of all 
organisms sampled (~90%) incorporated a measureable quantity of iPOC. Sipunculids and 
brittle stars had the highest relative dependence on ice algae, while other taxa displayed 
plastic dietary responses, including the suspension/surface deposit feeder Macoma calcarea. 
This study indicates that ice algae are widely utilized in Pacific Arctic benthic food webs, but 
most benthic organisms displayed flexibility in consuming the available food sources. The 
elevated utilization of ice algae by deposit feeders may prove to be a disadvantage for these 
organisms if they cannot adapt to the on-going decline of iPOC as seasonal sea ice declines.  
3.1. Introduction 
Microalgal primary production on the Pacific Arctic continental shelves is partitioned 
between ice-associated (sympagic) and pelagic diatoms, and depends on seasonal ice cover 
dynamics, nutrient availability and water column stratification (Hill et al. 2018, Selz et al. 
2018). Strong sympagic-pelagic-benthic coupling has sustained rich benthic ecosystems on 
this shallow shelf system (Iken et al. 2010, Dunton et al. 2014, Grebmeier et al. 2015). 
However, declining sea ice cover and persistence along with changes in the timing of the sea 
ice cycle are likely to disrupt this ecosystem structure (Grebmeier et al. 2006a, Leu et al. 
2011, Kędra et al. 2015, Moore et al. 2018). Sea ice has declined overall in the Arctic with 
pronounced losses in the Bering and Chukchi Seas (Serreze & Meier 2018). The winter of 
2017-18 marked the record low maximum sea ice extent for the northern Bering Sea, 
reaching only 46% (411,500 km2) of the 1979-2016 mean maximum extent (Thoman et al. 
2020). These were levels that were not previously predicted to occur until the 2030s (Stabeno 
& Bell 2019). 
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With the increasing open water season for the Pacific Arctic, there are a number of 
possible outcomes that will impact trophic stability and function as a result of changes in the 
timing, quality and quantity of the basal food source (Moore & Stabeno 2015). Lower trophic 
level consumers coordinate life cycles (i.e. spawning, growth, foraging) with the early spring 
bloom containing sympagic microalgae, where a mismatch in timing could be detrimental to 
the food web (Søreide et al. 2010, Leu et al. 2011). Ice algae are a high-value food source 
because of its high polyunsaturated fatty acid composition (Falk-Petersen et al. 1998, 
McMahon et al. 2006, Søreide et al. 2010, Wang et al. 2014a) and high sinking rates 
(Legendre et al. 1992, Riedel et al. 2006) relative to phytoplankton. Although overall primary 
production is predicted to increase in the Arctic with global warming (Arrigo 2015, Lewis et 
al. 2020), it would likely coincide with an increasing proportion of small pelagic algae with a 
lower sinking potential (Li et al. 2009) and a decrease in sympagic productivity.  
 As a result of these changes in primary production, the organic carbon flow in the Pacific 
Arctic is hypothesized to increase through pelagic trophic chains to the detriment of the 
benthic ones, which will have a large impact on the whole food web in terms of both quality 
and standing stock (Kędra et al. 2015, Moore & Stabeno 2015). The shift to a pelagic-
dominated food web, together with access to ice-free waters are likely to lead to population 
increases in foraging pelagic fish, along with water column feeding whales and seabirds 
(Moore & Huntington 2008, Kędra et al. 2015). As a result, there are expected to be 
reductions and redistributions of benthic populations that serve as the prey base for higher 
trophic predators including walruses, bearded seals, spectacled eiders, and gray whales 
(Grebmeier et al. 2006b, Moore & Huntington 2008, Jay et al. 2014, Moore & Stabeno 2015). 
A shift has already been observed in the northern Bering Sea benthic communities with 
northward contractions in dominant species and declines in benthic biomass (Overland & 
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Stabeno 2004, Grebmeier et al. 2006b, Grebmeier et al. 2018). Therefore, monitoring changes 
in the functioning of the benthos is critical for identifying a larger ecosystem shift. 
Various approaches have been used to assess the benthic response to sea ice retreat and 
food availability on Arctic shelves. Given that sea ice algae accounts for only 4–26% of 
overall production on Arctic shelves (Legendre et al. 1992, Arrigo 2014), uncertainties 
remain about the significance of this food source and its potential decline. However, these 
values may be an underestimate on the Chukchi shelf, where ice algae has been found to 
significantly exceed phytoplankton biomass and productivity in the spring (Gradinger 2009). 
Despite the uncertainty in the actual proportion of sea ice algae that supports the benthic 
based food web, the pulsed timing and high quality of the largely ungrazed food source is 
thought to increase its trophic significance (Søreide et al. 2010, Leu et al. 2011, Leu et al. 
2015, Dezutter et al. 2019). It has been an ongoing imperative to distinguish the sympagic 
and pelagic organic matter sources and trace their flow to the benthic and Arctic food webs.   
The community composition of ice algae and phytoplankton are complex and have been 
difficult to unequivocally distinguish since numerous taxa share both environments. Stable 
isotopes have allowed the detection of an enriched carbon signature in ice algae, yet these 
values can vary in space and time with bloom progression and may not be reliable indicators 
alone (Tremblay et al. 2006, Gradinger 2009) and include additional potential sources (e.g. 
terrestrial, bacterial, etc.).  Essential fatty acids are another tool that have advanced our ability 
to trace organic carbon sources in the Arctic but still lack unambiguous source specificity 
between the ice and open water regimes (McMahon et al. 2006, Budge et al. 2008, 
Schollmeier et al. 2018). The use of fatty acids assumes that sea ice organic matter is 
comprised primarily of diatoms and can best be represented by a fatty acid marker common 
to diatoms (Budge et al. 2008, Wang et al. 2014a). However, the community composition of 
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pelagic blooms is complex and is further compounded by the transition from diatoms to 
dinoflagellates as blooms progress seasonally in the Pacific Arctic (Szymanski & Gradinger 
2016, Hill et al. 2018, Selz et al. 2018). Compound-specific stable isotope analyses of these 
fatty acids have further refined the distinction between organic carbon sources but still remain 
equivocal (McMahon et al. 2006, Budge et al. 2008, North et al. 2014, Wang et al. 2014a, 
Kohlbach et al. 2016, Mohan et al. 2016, Kohlbach et al. 2018, Schollmeier et al. 2018).   
Highly branched isoprenoids (HBIs) lipids provide an advantage over these other 
methods to distinguish sympagic and pelagic resources in Arctic food webs. C25 HBI lipids  
are produced by a small number of commonly occurring diatoms and serve as biomarkers 
based upon the number and position of double bonds (Volkman et al. 1994, Belt et al. 2007). 
A monounsaturated C25 HBI, termed IP25 (Ice Proxy with 25 carbon atoms), is synthesized by 
three or four sympagic diatom species in the Arctic (Belt et al. 2007, Belt & Müller 2013, 
Brown et al. 2014c, Limoges et al. 2018). Owing to the stability of this compound and its 
persistence in the environment, IP25 is a reliable proxy for paleo sea ice reconstructions (Stein 
et al. 2016, Belt 2018). Di- and tri-unsaturated structural isomers provide further context for 
these interpretations. These isomers include a diene (HBI II), associated with sea ice in both 
polar regions, and a triene (HBI III), found globally in open waters and marginal ice zones 
(see review by Belt 2018). HBI III has also proven a reliable pelagic biomarker when used in 
a sea ice index validated by numerous well-resolved paleo sea ice reconstructions (Müller & 
Stein 2014, Stein et al. 2017a, Kremer et al. 2018). However, modern ecological applications 
of these HBIs are gaining interest. IP25 is chemically stable once grazed and assimilated by 
consumers, allowing for tracking the trophic transfer of sea ice carbon (Brown & Belt 2012a). 
Measuring the relative proportion of sympagic (IP25 and HBI II) to pelagic HBIs (III), creates 
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an index termed H-print, which provides further insight into resource utilization in Arctic 
food webs (Brown et al. 2014d).  
As with previously described methods, there are limitations to consider with H-print and 
the use of HBIs more broadly. In some circumstances, HBI III may be more susceptible to 
abiotic degradation in the water column based on the extent of algal senescence and the 
comparative sinking rates of sea ice and open water diatoms, with sea ice diatoms more 
rapidly removed from the photic zone (Rontani et al. 2019b). There is also evidence that HBI 
III can at times be co-synthesized within or under sea ice (Amiraux et al. 2019). However, 
this has been attributed to entrapment of pelagic diatoms, as the identified sources of HBI III 
(from the genus Rhizosolenia) are not ice-associated and may have been a site-specific 
phenomenon with minimal impacts on HBI indices. Additionally, the specific assimilation 
and depuration rates of HBIs in primary consumers are largely unknown. Other studies 
conclude that HBIs do not bioaccumulate in higher trophic organisms and represent seasonal 
observations (Brown et al. 2014a, Brown et al. 2017b, Brown et al. 2018). However, the 
advantages of HBIs over previously described methods include the ability to more 
definitively distinguish sea ice and pelagic carbon sources. 
The application of HBI measurements for the Pacific Arctic food web could provide 
promising new insights into the significance of ice algae on this productive continental shelf 
system. With this objective in mind, this study applied the H-print method to track ice algae 
utilization by benthic consumers of the northern Bering and Chukchi Seas to determine which 
organisms and/or feeding strategies are more reliant on sympagic carbon. Based on observed 
shifts in benthic biomass and dominant species along with the phenology and quality of algal 
blooms the northern Bering Sea over the last decade (Grebmeier et al. 2018), we hypothesize 
that there are differences in ice algae utilization among feeding strategies and taxa. To test 
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this hypothesis, a range of benthic invertebrates (epifaunal and infaunal) were collected over 
the summer of 2018 and analyzed for their HBI content with respect to location, feeding 
strategy and overlying sea ice conditions. Determining the partitioning of sea ice and pelagic 
organic carbon resources may identify the organisms more vulnerable to a changing food 
supply as a result of declining sea ice and their ability to adapt to these changes.  
Owing to a lack of data on HBI retention and depuration rates in invertebrates, we also 
conducted a natural depuration experiment using bivalves to determine the turnover rates of 
HBIs relative to the time of consuming the organic matter. Establishing a baseline of HBI 
depuration rates is necessary to accurately estimate the time period of foraging reflected in 
the H-print values.  Since HBI III is not specific to polar regions, it was practical to measure 
depuration rates of this HBI from temperate clams. This experimental design allowed us to 
fully remove natural introduction and prevent recirculation of HBI III using a flow-through 
filtration system. We used in-situ temperate conditions in Chesapeake Bay, USA because it 
was not feasible to maintain the flow through system at sustained Arctic temperatures and 
therefore this experiment serves as a starting point for addressing these questions. We 
acknowledge that HBI III and IP25 may behave differently, but nevertheless this experiment 
can serve as a general baseline to measure HBI retention in macrofaunal tissue.  
3.2. Materials and methods  
3.2.1. Study site 
Sampling locations occurred in regions of high benthic biomass influenced by Pacific 
water inflow across the shallow (<100 m) continental shelf of the northern Bering and 
Chukchi Seas (Fig. 1). These regions are annually sampled as part of the Distributed 
Biological Observatory (DBO), which serves as a change detection array and was formally 
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established in 2010 with time series observations spanning over 30 years (Grebmeier et al. 
2010, Moore & Grebmeier 2018). Our sampling spanned five DBO (1-5) regions 
(https://dbo.cbl.umces.edu) and two additional transects. DBO 1 is located near the winter-
only polynya that forms south of St. Lawrence Island in the northern Bering Sea; DBO 2 is in 
the Chirikov Basin south of Bering Strait; DBO 3 is in the southeast Chukchi Sea, where 
organic rich material settles out north of Bering Strait; DBO 4 is in the northeast Chukchi Sea 
on the southeastern flanks of Hanna Shoal; and DBO 5 is a transect across Barrow Canyon 
(Grebmeier et al. 2015). Icy Cape (IC) has high benthic biomass due to sustained advection of 
organic carbon from more productive regions (Feder et al. 1994). The Ledyard Bay (LB) 
transect is in the Chukchi Sea and was only sampled for surface sediments. 
3.2.2. Sea ice persistence  
Sea ice persistence data were determined from sea ice concentrations obtained from the 
Special Sensor Microwave Imager/Sounder (SSMIS) on the Defense Meteorological Satellite 
Program satellites, and compiled by the National Snow and Ice Data Center 
(http://www.nsidc.org). A 15% ice concentration threshold was set to identify days of sea ice 
presence in the Pacific Arctic region (Frey et al. 2015). We then summed the number of days 
with sea ice present (>15%) per pixel, from 14 September 2017 through 15 September 2018. 
Discrete sea ice persistence values were obtained for each of the sampling locations by 
extracting the value of the pixel at each location (Fig. 3-1). The use of annual persistence, 
rather than confined to the sampling period, allowed for the inclusion of winter sea ice 
conditions that would contribute to the lack of or delay in a spring bloom and account for the 




Figure 3-1 Sampling locations and sea ice persistence.  Sampling locations in the northern Bering 
and Chukchi Seas in June (ASGARD, SKQ2018, blue stars), July (DBO, SWL18, black dots), and 
August (DBO, HLY18-01, gray diamonds) 2018 with corresponding sampling methods. Sea ice 
persistence is shown as days of sea ice cover (i.e., >15% concentration) per year, which was defined as 
the sea ice period from 14 September 2017 through 15 September 2018. The areas in black were ice-
free throughout the entire year-long period. 
3.2.3. Benthic sampling  
Organisms were collected on board the CCGS Sir Wilfrid Laurier (SWL18; 16–23 July 
2018) and the USCGC Healy (HLY18-01; 7–24 August 2018) as part of the DBO program 
(Table 3-1, Fig. 3-1). Additional samples were collected opportunistically on board the R/V 
Sikuliaq (SKQ2018; 4–25 June 2018) as part of the Arctic Shelf Growth, Advection, 
Respiration and Deposition (ASGARD) Rate Measurements Project of the Arctic Integrated 
Ecosystem Research Program, which overlapped with the DBO 2 and 3 regions (Table 3-1, 
Fig. 3-1).  
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Table 3-1. Station summary for the ASGARD cruise SKQ2018 and the Distributed Biological 
Observatory (DBO) cruises SWL18 and HLY18-01.  
Sampling date 









2018-06-11 DBO 2.4 64.964 -169.889 46 SKQ2018 
2018-06-11 Diomede 65.753 -168.871 30 SKQ2018 
2018-06-14 DBO 3.8 67.670 -168.951 51 SKQ2018 
2018-06-15 DBO 3.3 68.189 -167.308 49 SKQ2018 
2018-06-12 CNL3 66.510 -168.959 56 SKQ2018 
2018-07-16 SLIP1 62.009 -175.063 80 SWL18 
2018-07-16 SLIP2 62.049 -175.206 82 SWL18 
2018-07-16 SLIP3 62.391 -174.569 72 SWL18 
2018-07-17 SLIP5 62.558 -173.558 66 SWL18 
2018-07-18 UTBS2 64.681 -169.100 45 SWL18 
2018-07-18 UTBS1 64.992 -169.140 49 SWL18 
2018-07-18 DBO2.7 65.000 -168.220 46 SWL18 
2018-07-19 UTN1 66.709 -168.398 35 SWL18 
2018-07-19 UTN2 67.050 -168.728 46 SWL18 
2018-07-19 UTN3 67.331 -168.905 50 SWL18 
2018-07-20 UTN4 67.500 -168.909 50 SWL18 
2018-07-20 SEC4 68.013 -167.866 54 SWL18 
2018-07-21 SEC1 67.672 -168.930 50 SWL18 
2018-07-21 UTN6 67.740 -168.441 51 SWL18 
2018-07-21 SEC2 67.784 -168.602 50 SWL18 
2018-07-21 SEC3 67.899 -168.236 59 SWL18 
2018-07-21 UTN7 68.000 -168.929 58 SWL18 
2018-07-21 SEC5 68.128 -167.493 51 SWL18 
2018-07-22 DBO4.4 71.588 -161.401 49 SWL18 
2018-07-22 DBO4.5 71.610 -161.615 44 SWL18 
2018-07-23 DBO4.3 71.454 -161.036 49 SWL18 
2018-08-08 UTBS2A 64.671 -168.234 39 HLY18-01 
2018-08-08 UTBS1 64.991 -169.146 49 HLY18-01 
2018-08-09 UTBS5 64.672 -169.926 48 HLY18-01 
2018-08-09 T2 67.164 -168.664 47 HLY18-01 
2018-08-10 SEC4/DBO3.5 68.015 -167.880 51 HLY18-01 
2018-08-10 SEC5/DBO3.4 68.136 -167.492 48 HLY18-01 
2018-08-11 SEC1/DBO3.8 67.677 -168.957 51 HLY18-01 
2018-08-11 SEC2/DBO3.7 68.246 -167.126 51 HLY18-01 
2018-08-12 IC-10 71.705 -165.603 43 HLY18-01 
2018-08-13 IC-6 71.195 -164.202 45 HLY18-01 
2018-08-13 IC-8 71.449 -164.919 43 HLY18-01 
2018-08-13 IC-9 71.601 -165.304 43 HLY18-01 
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2018-08-14 IC-1 70.580 -162.491 39 HLY18-01 
2018-08-14 IC-2 70.717 -162.857 43 HLY18-01 
2018-08-14 IC-3 70.849 -163.187 45 HLY18-01 
2018-08-15 DBO4.3 71.351 -161.396 49 HLY18-01 
2018-08-15 DBO4.4 71.481 -161.505 49 HLY18-01 
2018-08-15 DBO4.5 71.610 -161.615 47 HLY18-01 
2018-08-17 DBO5.1  71.247 -157.135 45 HLY18-01 
2018-08-17 DBO5.2 71.289 -157.221 56 HLY18-01 
2018-08-17 DBO5.4 71.373 -157.380 116 HLY18-01 
2018-08-17 DBO5.5 71.410 -157.450 131 HLY18-01 
2018-08-17 DBO5.6 71.454 -157.553 120 HLY18-01 
2018-08-17 DBO5.7 71.495 -157.627 96 HLY18-01 
2018-08-17 DBO5.8 71.536 -157.711 75 HLY18-01 
2018-08-17 DBO5.10 71.626 -157.901 64 HLY18-01 
 
Epibenthic megafauna were collected from trawl surveys on SKQ2018 using a modified 
plumb-staff beam trawl (2.26-m opening; 7-mm mesh net; 4-mm cod end liner). Trawl 
sample biomass was dominated by echinoderms, mollusks, crustaceans, sponges, ascidians 
and bryozoans. Organisms were either sorted from the full catch or from a well-defined, well-
mixed subsample. All samples were sorted by species, genus or distinct morphotype 
depending on the level of identification possible on board. Surface sediments were not 
collected on this cruise.  
Benthic macrofauna (> 1 mm, included megafauna) were collected on the SWL18 and 
HLY18-01 cruises using a 0.1 m2 van Veen grab weighted with 32 kg lead. Grab sample 
biomass was dominated by bivalves, polychaetes, crustaceans, sipunculids, echinoderms and 
anthozoans. The grab was gently lowered on to the deck and a trap door on the top was 
opened prior to the full grab opening in order to sample relatively undisturbed surface 
sediments for HBI analysis. The sediments were collected by skimming the surface with a 
metal spatula. Prior studies have established from radiocesium activities that the surface 
sediments on the Bering and Chukchi shelf (<100 m) reflect recent deposition, and that due to 
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bioturbation, surface sediments recovered from the tops of cores are as well-mixed as those 
from the tops of van Veen grabs (Cooper et al. 1998, Cooper & Grebmeier 2018). Organisms 
were sieved through 1-mm mesh sieve screens, live sorted and identified to the lowest 
taxonomic level practical on board. Organisms from all three cruises and sediments were 
placed in individual whirl-pak bags, immediately frozen (-20°C) and stored until analysis. All 
benthic fauna collected were classified by feeding strategy using the following five 
categories: suspension (SUS), surface deposit feeder (SDF), sub-surface deposit feeder 
(SSDF), suspension-surface deposit (SUS/SDF), or predator/scavenger (PS) based on 
previous studies (Table 3-2). 
Table 3-2 Summary of taxa . Summary of taxa collected in 2018 for HBI biomarkers with assigned 
feeding strategy, cruise (SKQ=SKQ2018, SWL=SWL18, HLY=HLY18-01) and collection method, 
along with the Distributed Biological Observatory (DBO) sample region (see Fig. 1). Feeding 
strategies were classified as SUS (suspension), SUS/SDF (suspension/surface deposit), SDF (surface 
deposit), SSDF (subsurface deposit), and P/S (predator/scavenger). Sample size indicates number of 















Holothuroidea       
    Amphideima sp. 1 SUSa X   2 
   Chiridota sp. 1 SDFa X   2 
   Ocnus glacialis  2 SUSb X   3 
   Myriotrochus sp. 1 SUSa  X  3 
Ascidacea (Tunicata)       
   Styela rustica 4 SUSb X X X 2, 3, 5 
   Pelonaia corrugata  2 SUSb X   2, 3  
   Boltenia ovifera 2 SUSb X   2 
   Boltenia echinata 3 SUSb X   3 
   
Chelyosoma macleayanum 3 SUSb X   3 
Gastropoda       
   Neptunea heros 3 P/Sb X   2 
   Neptunea communis 1 P/Sb X   2 
   Buccinum scalariforme 2 P/Sb X   2 
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   Buccinum polare 2 P/Sb X   3 
   Cryptonatica affinis 5 P/Sb X   2, 3 
Bivalvia       
   Serripes lamperosii 7 SUS a,b X X X 3 
   Macoma calcarea 37 SUS/SDFc X X X ALL 
   Ennucula tenuis 18 SSDFc  X X ALL 
   Nuculana pernicula 2 SSDFb  X  3, 4 
   Astarte borealis 4 SUSc  X X IC, 4, 5 
   Yoldia hyperborea 11 SSDFc  X X 
3, IC, 4, 
5 
   Mya truncata 2 SUSb  X  3 
   Mya sp. 1 SUSb  X  3 
   Musculus sp. 2 SUSb  X X IC, 4 
   Hiatella arctica 1 SUSb X   3 
   Pandora sp. 1 SUSb   X IC 
   Lysianassidae 
unidentified sp.  1 P/Sb   X IC 
   Nutricola sp. 2 SUSb   X IC, 5 
Polychatea       
   Gattyana ciliata 1 SSDFb X   2 
   Gattyana sp.  1 SSDFb X   3 
   Eunoe sp.  1 P/Sb X   3 
   Nephtys sp. 8 P/Sb  X X 2, 3, 5 
   Pectinaria hyperborea 12 SSDFb  X X 
1, 3, 4, 
IC, 5 
   Maldane sp. 18 SSDFb,c  X X ALL 
   Echiurus 3 SDFa X   3 
   Lumbrineris sp. 1 SSDFb    IC 
Sipuncula       
   Golfingia margaritacea 6 SDFd   X 3, IC, 5 
Ophiuroidea       
   Ophiura sarsiii 3 SDFb  X  1, 4 
   Gorgonocephalus sp. 1 P/Sb   X 5 
Malacastroca (Decapoda)       
   Pandalus eous 1 P/Sb  X  1 
   Pagurus trigonocheirus 1 P/Sb X   2 
   Chionoecetes opilio 2 P/Se  X  1, 3 
Malacastroca 
(Amphipoda)       
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   Isaeidae sp. 2 SDFb  X  2, 3 
   Ampelisca sp. 11 SUSb  X X 1,2,4,5 
Asteroidea       
   Henricia sp. 1 P/Sb   X 4 
Anthozoa       
   Gersemia rubiformis 1 SUSb X     2 
aEncyclopedia of Life 2020 
bMacDonald et al. 2010 
cDenisenko et al. 2015  
dKędra et al. 2018 
eDivine et al. 2017 
 
 
3.2.4. Biomarker extraction 
All samples were freeze dried in the laboratory for 48 hours, soft tissues were removed 
from shells as required, and homogenized by mortar and pestle. Approximately 1 g of dried 
sediment or 0.1–0.5 g of dried tissue were subsampled for analysis. Owing to the variable 
sizes and number of organisms per station, where there was often only one individual per 
taxon per grab, major taxa with more than one individual were grouped for analysis. This was 
intended to capture a representative HBI composition per species and/or feeding strategy at a 
particular station. HBI biomarkers were extracted from 78 surface sediment samples and 193 
tissue samples. HBIs were extracted following established methods (Belt et al. 2012, Brown 
et al. 2014d).  Briefly, an internal standard (10 µL) of 9-octylheptadec-8-ene (9-OHD, 1 µg 
mL-1) was added to the sample before extraction to facilitate yield quantification. Samples 
were saponified in a methanolic KOH solution and heated at 70°C for one hour. Hexane (4 
mL) was added to the saponified solution, vortexed, and centrifuged for three minutes at 2500 
RPM, three times. The supernatant with the non-saponifiable lipids (NSLs) was transferred to 
clean glass vials and dried under a gentle N2 stream. We removed elemental sulfur from the 
sediment samples following established protocols (Koch et al. 2020b) to prevent analytical 
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interference with HBI III. The initial extracts were re-suspended in hexane and fractionated 
using open column silica gel chromatography. The non-polar lipids containing the HBIs were 
eluted while the polar compounds were retained on the column. The eluted compounds were 
dried under N2. 50 µL of hexane was added twice to the dried purified extract and transferred 
to amber chromatography vials.  
3.2.5. Biomarker analysis 
The extracts were analyzed using an Agilent 7890A gas chromatograph (GC) coupled 
with a 5975 series mass selective detector (MSD) using an Agilent HP-5ms column (30 m x 
0.25 mm x 0.25 µm), following established methods (Belt et al. 2012). The oven temperature 
was programmed to ramp up from 40°C to 300°C at 10°C/minute with a 10-minute 
isothermal period at 300°C.  HBIs were identified using selective ion monitoring (SIM) 
techniques. The SIM chromatograms were used to quantify the HBI abundances by peak 
integration with ChemStation software. A purified standard of known IP25 concentration was 
used to confirm the mass spectra, retention time and retention index (RI). The HBIs were 
identified by their mass ions and RI including IP25 (m/z 350.3), HBI II (m/z 348.3) and HBI 
III (m/z 346.3). A procedural blank was run every 9th sample.  Individual HBI concentrations 
in the surface sediment samples were normalized by total organic carbon (TOC) on an 
organic gram weight basis. Surface sediment TOC data from the SWL18 and HLY18-01 
cruises were accessed from the National Science Foundation’s Arctic Data Center (Grebmeier 
& Cooper 2019f,g). 
The H-print index was used to provides an estimate of the relative organic carbon 
contributions of phytoplankton to sea ice algae (Brown et al. 2014c). The H-print (Eq. 3-1), is 
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calculated using the relative abundances of IP25, HBI II and HBI III, as determined by GC-
MS methods:   
H-print % = HBI III∑  (IP25+ HBI II+HBI III) x 100    (3-1) 
The estimated organic carbon contribution varies from 0% to 100%, with lower values 
indicative of proportionally greater sympagic organic carbon and higher values indicative of 
proportionally greater pelagic organic carbon. Analytical error from replicate control tests 
was determined to be less than 3% for H-print values in an individual organism from 
homogenized tissue sample.  Sea ice organic carbon (iPOC), as a proportion of marine-origin 
carbon within samples, was estimated using Eq. 3-1 from a prior H-print calibration from 
feeding experiments with known algal species (r2 = 0.97, p < 0.01; Brown & Belt 2017).  
iPOC % = 101.8 – 1.02 x H-print     (3-2) 
Given our interest in the proportion of sea ice algae utilization, the iPOC calibration is 
presented referenced to sea ice carbon rather than pelagic carbon, as is the case with the H-
print. However, since the calibration was derived and validated from feeding experiments, we 
retained the H-print values for the sediment data. Therefore, all invertebrate samples were 
converted and reported as iPOC, while sediments are reported as H-print. 
3.2.6. Statistical analysis 
All statistical analyses were performed in R v. 3.6.1 (R Core Team 2017). Normality of 
the data was assessed using a Shapiro-Wilks test and the homogeneity of variance using 
Levene’s test. We used a generalized additive model (GAM) in R using package ‘mcgv’ to 
determine the effects of various predictor variables for the sea ice organic carbon content in 
benthic macrofauna. This included sea ice persistence, sampling location, feeding strategy 
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and sediment H-print composition. A combination of these variables in seven competing 
equations was evaluated and the best performing equation was selected based on the lowest 
AIC (Akaike information criterion) score. Linear regression models were assessed to 
determine the relationship between the HBI content of invertebrate tissue (iPOC%) and the 
corresponding surface sediment (H-print %) they were collected from. We conducted k-
means clustering analysis to group similar observations and assess potential patterns in the 
HBI distribution among location, feeding strategy, major taxa and annual sea ice persistence. 
Owing to the lack of corresponding sediment samples, the samples collected from SKQ2018 
(n = 41) were not included in the cluster analysis. We then used the combination of factors 
that explained the variation within the benthic macrofauna samples by the GAM to define the 
individual clusters. This analysis was conducted in R using packages ‘cluster’ and 
‘factoextra’. Sediment H-print and macrofauna iPOC values were normalized prior to running 
the cluster analysis and the optimal number of clusters (k) were determined based on the gap 
statistic (Tibshirani et al. 2001). One-way ANOVA with Tukey Honest Significant Difference 
(HSD) and Bonferroni corrections were used to analyze the significant differences in relative 
HBI concentrations.  
3.2.7. HBI depuration experiment 
In May 2019, bivalves were collected from the pier at the Chesapeake Biological 
Laboratory (CBL) in Solomons, Maryland, USA using a hand-deployed PONAR grab. The 
two species collected are widely distributed and also found in parts of the Arctic, Mya 
arenaria (suspension feeder, n= 18) and Macoma (Limecola)balthica (suspension and surface 
deposit feeder n = 50).  M. balthica (n=10) and M. arenaria (n=3) were analyzed immediately 
(day 0) after collection to determine their initial HBI III content from their natural 
environment and the remainder (M. arenaria, n = 15; M. balthica, n = 40) were put in flow 
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through filtered seawater tanks (5L). The clams were fed every other day with Shellfish Diet 
1800 (Instant Algae, Reed Mariculture). The Instant Algae (1 mL) was analyzed prior to 
feeding to confirm there were no HBIs present.  
Clams were removed from the tank and the HBI III abundances were analyzed at 4, 7, 21, 
and 28 days. Owing to the small size of the individual M. balthica collected (~5 mm), 
individuals had to be grouped (n=10 per collection date) for analysis. The M. arenaria 
samples were a sufficient size (~20–30 mm) for individual analysis (n=3 per collection date). 
The relative response on the GC-MS was recorded until the response fell below detection 
limits, indicating complete depuration of the biomarkers. As the depuration rate was the 
intended measurement, absolute quantification of HBI III was not undertaken. 
3.3. Results  
Several factors were considered in various combinations to explain the variation observed 
in sea ice organic carbon utilization among benthic macrofauna. The GAM equation selected 
was based on the AIC scores, with the lowest AIC indicating the best fit. The combination of 
sample region, sea ice persistence, sediment H-print, and feeding strategy performed the best 
(AIC=1140, r2=0.78). Therefore, the following variables were examined in greater detail.  
3.3.1. Surface sediment HBI distributions and relationship with sea ice 
IP25 was only detected in trace amounts as a fraction of organic carbon (OC; < 1 µg g OC-
1) throughout DBO 1–2 in the northern Bering Sea and less than 2 µg g OC-1 was observed at 
DBO 3 in the southern Chukchi Sea (Fig. 3-2A). Ledyard Bay (LB), which was only sampled 
for sediments, marked a transitional zone where IP25 levels increase in the northeast Chukchi 
Sea. IP25 reached maximum concentrations of 14.5 µg g OC-1 in the northeast Chukchi Sea at 
DBO 4 and ranged from 1 to 10 µg g OC-1 at the DBO 5 transect across Barrow Canyon. HBI 
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III (Fig. 3-2B) displayed a more homogenous distribution throughout the region. Localized 
areas of elevated concentrations were observed in LB, where HBI III reached 18 µg g OC-1. 
HBI III levels were also considerably lower in the northern Bering Sea at DBO1–2 with 
values ranging from 2–6 µg g OC-1. H-print (Fig. 3-2C) follows a latitudinal gradient from 
south to north with decreasing relative pelagic HBI inputs. The mean sea ice extent indicates 
that the IC transect was ice-covered in June but retreated by July, while the sea ice had fully 




Figure 3-2 Highly branched isoprenoid distributions in the Pacific Arctic  Highly branched 
isoprenoid biomarker analysis from surface sediments collected in July (SWL18) and August (HLY18-
01) in the northern Bering and Chukchi Seas. Sampling stations are shown as grey circles. (A) 
Distribution of the sea ice proxy IP25 (µg g OC-1). (B) distribution of the pelagic HBI marker, HBI III 
(µg g OC-1). (C) The H-print (%) determined from sympagic (IP25 and HBI II) and pelagic (HBI III) 
biomarker proportions. Sample regions included DBO 1, DBO 2, DBO 3, Ledyard Bay (LB), Icy Cape 
(IC), DBO 4 and DBO 5. Note: LB was only sampled for sediments and not macrofauna. The mean 
monthly sea ice extent is shown for June, July and August 2018. 
There was a significant relationship between sea ice persistence and sediment H-print 
(r2=0.61, p < 0.001; Fig. 3-3). The DBO 1 stations experienced low (<30 days) sea ice cover 
in 2018 and were determined to be outliers using a Grubbs’ test (Grubbs 1950) (Fig. 3-3 red-
dashed box). After removing the subset of DBO 1 samples (n=3), the strength of the 
relationship increased, indicating a very strong fit (r2=0.81, p < 0.001).  
 
Figure 3-3 Linear regression of sediment H-print and sea ice persistence  Linear regression with 
95% confidence interval (shaded region) of sea ice persistence (days/year) and sediment H-print (%). 
Colors indicate the DBO sampling regions. The no/low sea ice stations were deemed outliers and the 




3.3.2. Sea ice organic carbon (iPOC %) variation by feeding strategy and 
region 
There was an increasing gradient of sympagic utilization by benthic invertebrates from 
the lower latitude sampling regions (DBO 1–3) to the higher latitude sampling regions (IC 
and DBO 4–5; Fig. 3-4). The invertebrates classified as deposit feeders (both SDF and SSDF) 
generally had the highest iPOC and SUS the lowest within each region. The highest iPOC 
values are observed in the SSDF category. However, the SDF at DBO 5 (most northerly 
sampling area) reach iPOC levels similar to SSDF. The highest iPOC value observed among 
the SDF at DBO 5 (78%) was comparable with the SSDF and attributed to sipunculids 
(Golfingia margaritacea). iPOC values increased at the IC transect. iPOC values for SUS 
fauna were <25% in all sampling regions, with the exception of DBO 4, indicating that they 
are utilizing predominantly pelagic resources. P/S by comparison have a less clear trophic 
dependence on sympagic sources relative to the other feeding strategies from DBO 1–3. The 
SUS/SDF align with SUS but with greater differences at IC and DBO 5. Feeding strategies 
were significantly different (p < 0.05) at all stations but DBO 1 and 2 as determined by one-
way ANOVA testing (Table 3-3). Tukey HSD pairwise comparisons indicate SUS were 
significantly different from deposit feeders (SDF and SSDF) at all four of these sampling 
regions (see Table S1 for p-values).  
Table 3-3 ANOVA results for H-print for each of the Distributed Biological Observatory (DBO) 
regions and clusters.  
Group Factor DF SS MS F p-adj 
DBO 1 
Feeding 
strategy 4 113.4 28.36 0.70 0.612 
  Residuals 9 365.4 40.60    
DBO 2 
Feeding 
strategy 4 302.7 75.66 1.51 0.23 






strategy 4 267.9 66.98 2.72 0.0358* 
  Residuals 73 1796.5 24.61    
Icy Cape 
Feeding 
strategy 4 2898.0 724.60 3.08 0.049* 
  Residuals 15 3534.0 235.60    
DBO 4 
Feeding 
strategy 4 2657.0 664.30 5.46 0.002** 
  Residuals 27 3288.0 121.80    
DBO 5 
Feeding 
strategy 4 4645.0 1161.30 3.47 0.036* 
  Residuals 14 4680.0 334.30     
Cluster 1 
Feeding 
strategy 4 847.8 211.95 2.36 0.0818 
  Residuals 24 2154.0 89.75    
Cluster 2 
Feeding 
strategy 4 1814.0 453.40 3.93 0.009** 
  Residuals 39 4501.0 115.40    
Cluster 3 
Feeding 
strategy 4 521.5 130.40 7.76 <0.001*** 
  Residuals 70 1176.2 16.80     










Figure 3-4 Sea ice organic carbon (iPOC %) by feeding strategy across the Distributed Biological 
Observatory (DBO) sampling regions in 2018  Feeding strategies include: predator/scavengers (P/S), 
suspension (SUS), surface deposit (SDF), subsurface deposit (SSDF), and suspension/surface deposit 
feeders (SUS/SDF). Sample regions from south to north included DBO 1, DBO 2, DBO 3, Icy Cape, 
DBO 4 and DBO 5. The boxes indicate the interquartile range from the first to third quartiles, with the 
median shown as the line within each box. The minimum and maximum are indicated by the lines and 
outliers are shown as individual points.   
3.3.3. Relationships between macrofauna iPOC and sediment H-print 
The linear regression of normalized iPOC values for the invertebrate tissues and 
corresponding H-print values in surface sediments indicates a significant relationship 
between these variables (p < 0.001, r2=0.66). The samples were grouped into 3 clusters (Fig. 
3-5A).  The cluster composition took advantage of the prior assessments of the factors 
determined to be significant (e.g. DBO region and feeding strategy, Figs. 3-5B and 3-5C, 
respectively). Sea ice persistence patterns and taxa composition were also examined for each 




Figure 3-5 Results of the k-means clustering analysis between macrofaunal tissue and the 
sediment the organisms were collected from  (A) normalized sediment H-print and macrofauna 
tissue iPOC values grouped into the optimal number of clusters (3), (B) sediment H-print (%) and 
macrofaunal tissue iPOC (%) with symbols represented by DBO sampling region and color represent 
cluster number. The linear regression is shown with a 95% confidence interval. (C) sediment H-print 
(%) and invertebrate tissue iPOC (%) with symbols represented by feeding strategy and color represent 
cluster number. The linear regression is shown with a 95% confidence interval. Feeding strategies as 
defined in Table 2. 
Cluster 1 samples were found throughout the Chukchi Sea including DBO 3, DBO 4, 
DBO 5 and IC (Fig. 3-5B) with a majority (52%) from IC (Table 3-4). The difference in 
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feeding strategy was not significant based on a one-way ANOVA test (Table 3-3). The 
composition of feeding strategies contained in cluster 1 (Fig. 3-5C) was distributed among 
SUS (38%), SSDF (28%), SUS/SDF (17%), SDF (3%), and PS (14%; Table 3-4). The SSDF 
group had the highest mean iPOC (23 ± 9%) and SUS had the lowest (10 ± 9%; Fig. S2-1). 
This cluster was dominated by bivalves (62%) and polychaete worms (21%). Overall, cluster 
1 had a moderate sediment H-print (42 ± 11%) with invertebrate iPOC values indicative of 
low sea ice organic carbon utilization (mean iPOC 17 ± 10%; Table 3-4). The mean sea ice 
persistence for this cluster was 205 ± 35 days (Table 3-4)
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Table 3-4 Summary parameters for the k-means clustering analysis  Summary parameters for the k-means clustering analysis including the cluster 
composition by DBO region, feeding strategy and dominant taxa, mean sediment H-print (%), mean macrofaunal tissue sea ice organic carbon (iPOC %), and 
mean sea ice persistence. 
  Cluster Composition     
  
DBO 




Mean sea ice 
carbon 
(iPOC %) 
Mean Sea Ice 
Persistence 
(days) 
Cluster 1 1 - Suspension (SUS) 38% Bivalvia 62% 
mixed 
composition     
(n=29) 2 - Subsurface deposit (SSDF) 28% Polychaeta 21% 42 ± 11 17 ± 10 205 ± 35 
  3 7% Suspension/Surface deposit (SUS/SDF) 17%           
  IC 52% Surface deposit (SDF) 3%           
  4 14% Predator/Scavenger (PS) 14%           
  5 28%               
Cluster 2 1 - Suspension (SUS) 7% Bivalvia 52% sympagic     
(n=44) 2 - Subsurface deposit (SSDF) 57% Polychaeta 25% 29 ± 7 53 ± 12 227 ± 18 
  3 - Suspension/Surface deposit (SUS/SDF) 18% Sipuncula 9%       
  IC 6% Surface deposit (SDF) 14%           
  4 66% Predator/Scavenger (PS) 5%           
  5 25%               
Cluster 3 1 19% Suspension (SUS) 27% Bivalvia 52% pelagic     
(n=75) 2 19% Subsurface deposit (SSDF) 35% Polychaeta 27% 80 ± 5 5 ± 5 111 ± 55 
  3 63% Suspension/Surface deposit (SUS/SDF) 27% Ampeliscidae 13%       
  IC - Surface deposit (SDF) 3%           
  4 - Predator/Scavenger (PS) 9%           




Cluster 2 stations were located in the northeast Chukchi Sea from IC, DBO 4 and DBO 5 
(Fig. 3-5B), with the majority from DBO 4 (66%; Table 3-4).  The organisms sampled in this 
cluster were predominantly SSDF (57%; Table 3-4). Two of the three SUS samples included 
in this cluster (bivalve Astarte borealis and amphipod Ampelisca sp.) were from a station in 
DBO 4 with high IP25 deposition (DBO 4.4). Feeding strategy was found to be significant 
based on the one-way ANOVA test (p < 0.05; Table 3-3). The iPOC values in this cluster 
were highest overall. Values ranged from 37-57%, with SSDF the highest (57 ± 11%) and 
SUS/SDF the lowest (37 ± 3%; Fig. S2-1). The Tukey HSD pairwise comparison indicated 
that SUS/SDF–SSDF and SUS–SSDF were significantly different (p < 0.05; Table S1). 
Cluster 2 contained bivalves (52%) and polychaete worms (25%), but also an increased 
contribution from sipunculids (9%; Table 3-4). The mean sediment H-print was low (i.e. 
sympagic) at 29 ± 7%, with invertebrate iPOC values ranging from moderate to high with a 
mean value of 53 ± 12% (Table 3-4). The mean sea ice persistence was the longest of all 
clusters at 227 ± 18 days of the year (Table 3-4).  
Cluster 3 contained the northern Bering Sea (DBO 1 and 2) and southeast Chukchi Sea 
(DBO 3) stations, immediately north and south of Bering Strait (Fig. 3-5B). 63% of the 
samples in cluster 3 were from DBO 3, but contained all samples from DBO 1 and 2 (Table 
3-4). Feeding strategy was a significant variable for this cluster based on one-way ANOVA 
tests (p < 0.001; Table 3). SUS (27%), SSDF (35%) and SUS/SDF (27%) were the primary 
feeding strategies within this cluster (Table 4). SDF had the highest mean iPOC value (13 ± 6 
%) with SUS the lowest at 1 ± 3%, meaning food sources were nearly completely pelagic 
(Fig. S2-1). The differences were significant between SUS–PS (p < 0.05), SUS–SDF (p < 
0.01) and SUS–SSDF (p < 0.001) based on pairwise comparisons (Table S1).  Cluster 3 was 
dominated by bivalves (52%) and polychaetes (27%), with an increased contribution from 
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ampeliscid amphipods (13%; Table 3-4). The mean sediment H-print was high (80 ± 5%, i.e. 
pelagic) and the mean iPOC value in invertebrate tissues was low (5 ± 5%; Table 3-4). The 
sea ice persistence for cluster 3 was the shortest at 111 ± 55 days (Table 3-4).  
3.3.4. Sea ice persistence and sea ice organic carbon (iPOC %) 
The clusters were further analyzed using the linear regression of sea ice persistence 
determined from each of the sampling locations relative to the invertebrate tissue iPOC (Fig. 
3-6A). The clusters remain distinctly grouped with the exception of two data points from 
cluster 1. The relationship between sea ice persistence and sea ice carbon utilization was 
significant (p < 0.001, r2 =0.41; Fig. 3-6A). However, there was a distinct group from cluster 
3 with stations that experienced less than 30 days of sea ice, including several samples where 
there was no sea ice cover in 2018 (Fig. 3-6A, red-dashed box). By removing this cluster 
from the linear regression, the fit of the relationship improved (r2 = 0.56, p < 0.001). All of 
the stations with no or low sea ice cover occurred at DBO 1, also known as the St. Lawrence 
Island polynya (SLIP) region (Fig. 3-6B). Stations SLIP 1 and SLIP 2 had no sea ice cover 
during the study period in 2017-18, while SLIP 3 and SLIP 5 had less than 30 days of sea ice. 
The SDF and SUS/SDF iPOC were lowest at SLIP 1 and 2, with values at or near 0%. The 
SSDF and P/S iPOC values are slightly higher, but still consistent with dominantly pelagic 
organic carbon acquisition (<20% sea ice organic carbon). The patterns are less clear at SLIP 
3 and 5, with both SSDF and SUS sea ice organic carbon sources less than 10% and a group 




Figure 3-6 Relationships between invertebrate tissue sea ice carbon (iPOC%) and sea ice 
parameters  (A) Linear regression of sea ice persistence and macrofauna sea ice organic carbon (iPOC 
%).  Clusters are represented by corresponding shape/color. The samples that were deemed outliers due 
to low sea ice persistence or no sea ice cover in 2018 are enclosed in the dashed-red box. The linear 
regression is shown with a 95% confidence interval. (B) The macrofaunal tissue iPOC (%) from the 
no/low sea ice group by station in the DBO 1/St. Lawrence Island Polynya (SLIP) region. Symbols and 
corresponding colors represent feeding strategies of individual samples at these locations. 
3.3.5. Sea ice organic carbon (iPOC %) utilization by major taxa 
The species that contained the highest iPOC values (>75%) included maldanid 
polychaetes, the sipunculid G. margaritacae, and the clam Ennucula tenuis (Fig. 3-7A). High 
levels of iPOC (50–75%) were observed in the clams Yoldia hyperborea and Macoma 
calcarea, brittle star Ophiura sarsiii, polychaete Pectinaria hyperborea, amphipod family 
Lysianassidae (not practical to identify species at sea), and sea star Henricia sp. Moderate 
iPOC levels (25–50 %) were observed in the clams Nuculana pernicula and Astarte borealis, 
gastropod Buccinum scalariforme, and amphipod Ampelisca sp. The lowest iPOC levels 
(<25%) occurred in the snow crab Chionoecetes opilio, predatory polychaete Nepthys sp., 
bivalves Serripes laperousii and Mya sp., and all tunicates, holothuroids, ascidians, 
anthozoans, and the remaining gastropods. Estimates of iPOC by feeding strategy (Fig. 3-7B) 
reveal a dominance of SSDF in the dominant utilization of sea ice organic carbon (iPOC 
>50%). The SDF organisms were primarily in the moderate to high range of iPOC, but also 
104 
 
contained the highest mean iPOC values (e.g. sipunculids and brittle stars). None of the 






Figure 3-7 Sea ice organic carbon (% iPOC) composition by species  Sea ice organic carbon (% 
iPOC) composition by species and shown by (A) major taxa and (B) feeding strategy. See Fig. 3-3 for 
boxplot descriptions and Table 3-2 for feeding strategies. Shaded points represent individual samples. 
3.3.6. HBI depuration rates 
The depuration rates determined from the temperate clam experiment suggest similar 
timing for suspension/deposit feeding M. balthica and suspension feeding M. arenaria at 21 
and 28 days respectively (Fig. 3-8). Relative HBI III abundance indicated reductions by day 7 
in both species, however there were detectable levels until the 3 to 4-week sampling events.  
 
Figure 3-8 Experimental HBI III depuration rates in temperate clam samples  (A) suspension-
surface deposit feeding Limecola balthica. Individual points represent n=10 clams. (B) suspension 
feeding Mya arenaria. Individual points represent n=1 clam. The red-dashed line indicates the GC-MS 





The spatial distribution of H-print in surface sediments in 2018 (Fig. 3-2C) followed a 
latitudinal gradient previously observed for the region (Koch et al. 2020). IP25 concentrations 
were relatively high in surface sediments in the northeast Chukchi Sea compared to previous 
years, exceeding 14 µg g OC-1 (Fig. 3-2A). The strong relationship between sea ice 
persistence and sediment H-print supports the use of these biomarkers in this region as 
diagnostic of sea ice cover (Fig. 3-3). Based on the distribution of HBIs, we hypothesized that 
the invertebrate HBI composition would be influenced by the regional HBI patterns in the 
surface sediments as indicators of available food sources. Linear regressions between 
sediment H-print and macrofaunal iPOC confirmed that location was a significant influence 
(Figs. 3-4, 3-5C).  
 Sea ice persistence, which was correlated with DBO region, appeared to be an important 
factor in the cluster analysis. The samples in cluster 3 were located in the three southern DBO 
regions (Table 3-4; Fig. 3-5). Baseline studies of H-print in Pacific Arctic surface sediments 
suggest that a dominance of pelagic carbon is common throughout these three DBO regions 
(Koch et al. 2020). However, a defining feature of this region in 2017-2018 was the record 
low maximum sea ice extent (Grebmeier et al. 2018, Stabeno & Bell 2019). This may be the 
reason for the outlier iPOC signatures from benthic macrofauna samples collected at SLIP 1 
and SLIP 2, where there was no sea ice cover and presumably no freshly deposited ice algae 
(Fig. 3-6A-B). The large ice-edge bloom that typically occurs in April or May over the 
northern Bering shelf did not occur in 2018, according to primary production measurements 
derived from satellite observations of chlorophyll a (Frey et al. 2020). The late pelagic bloom 
and abnormally low chlorophyll in the northern Bering Sea near DBO 1 were observed from 
fluorescence sensors on the M5 mooring (Duffy‐Anderson et al. 2019). The lack of sea ice 
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also led to bottom water temperatures that were above 0°C for the first time since 
observations began in 1988 (Grebmeier & Cooper 1995, Grebmeier et al. 2018), eliminating 
the cold pool that typically serves as a thermal barrier to several pelagic and demersal fish 
species that could alter benthic food webs (Grebmeier et al. 2018, Duffy‐Anderson et al. 
2019). An observed ecosystem shift in this region has occurred over the last few decades, 
including a northward shift in benthic biomass and decline of nuculanid and nuculid bivalves 
replaced by maldanid polychaetes (Grebmeier et al. 2006b, Grebmeier et al. 2018). There has 
also been a northward contraction of the bivalve M. calcarea within the sampled stations in 
DBO 1 (Goethel et al. 2019). A recent study concluded that physical oceanographic shifts in 
this system are largely responsible for driving the changes seen in benthic community 
structure (Waga et al. 2020), and it seems plausible that these shifts are likely connected to 
changing food sources in the northern Bering Sea.  
Moving northward, cluster 1 had a majority of the IC samples and a subset of samples 
from DBO 5 (Table 3-4; Fig. 3-5). The IC transect was located at the approximate position of 
the ice-edge through June and July before the rapid retreat off of the Chukchi shelf by August 
(Fig. 3-2C). At this location, the ice retreats in an onshore to offshore pattern with sea ice 
persistence lower by 20–30 days at the onshore sampling locations. This transect is also 
located at the start of the Central Channel for Bering Sea water transport northwards and 
current flow increases, as indicated by coarser grain sizes (Grebmeier & Cooper 2019g), 
suggesting reduced deposition of particulate organic matter including ice algae and 
phytoplankton. The sea ice persistence patterns, location of the mean ice edge for June and 
July, and sediment H-print values show a clear delineation between IC and DBO 4 despite 
their relatively close proximity (Figs. 3-1 and 3-2). There is also a front that forms between 
these regions, keeping warmer, nutrient-poor Alaska coastal water south and offshore and 
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nutrient-rich Bering Sea water to the north near DBO 4 (Weingartner et al. 2017). The strong 
negative correlation between sea ice persistence and H-prints suggest that the additional 
approximate month of sea ice at DBO 4 driven by the hydrography had an impact on IP25 
synthesis and deposition. The surface deposit feeders at IC also contributed to the elevated 
iPOC values associated with this cluster (Fig. 3-4). The DBO 5 line is a transect across 
Barrow Canyon. The H-prints are elevated in the center of the canyon (~35%), yet still 
dominantly sympagic, and decrease on the sides (~14-18%). We attribute this cross-sectional 
pattern to the flow through Barrow Canyon, where currents converge with mean speeds of 
15-20 cm/s (Bering water) and surface currents upwards of 70–100 cm/s (Alaska Coastal 
Current on the eastern flanks) with bottom intensified flows (Aagaard & Roach 1990, Pickart 
et al. 2005, Pickart et al. 2019). Although Barrow Canyon is on the northeast Chukchi Shelf 
where ice algae influence is most significant, ice algal aggregates likely do not settle to the 
bottom of Barrow Canyon as readily because of stronger currents than on the shelf and 
organic materials are transported towards the basin because of these enhanced current speeds 
(Lepore et al. 2009). Additionally, the high current speeds in Barrow Canyon favor 
suspension over deposit feeding (Pisareva et al. 2015). Therefore, the reason for these DBO 5 
samples to be clustered with IC is likely due to the apparent increased phytoplankton 
utilization by suspension feeders relative to DBO 4 (Fig. 3-4).  
As previously noted, DBO 4 and 5 dominated the cluster 2 composition in the northeast 
Chukchi Sea where ice algae deposition and utilization were most substantial. There were 
fewer SUS and P/S collected within the offshore DBO 4 transect. Macrofaunal biomass at 
these sites is typically dominated by deposit feeders, primarily sipunculids and maldanid 
polychaetes, but also brittle stars (Ophiuroidea) and bivalves (Yoldiidae and Astartidae) and 
occasionally the SUS/SDF bivalve M. calcarea (Grebmeier & Cooper 2019h). Depositional 
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regimes on the Chukchi shelf, such as along DBO 4, tend to favor deposit feeders over 
suspension feeders (Pisareva et al. 2015). The HBI data show that the pairing of longer sea 
ice persistence in a depositional environment results in higher ice algae utilization. Recent 
studies indicated that IP25 and diatom export occur year-round at this location (Koch et al. 
2020, Lalande et al. 2020). There is currently a lack of HBI flux data available from other 
DBO regions, but preliminary HBI data from sediment traps at DBO 2 and DBO 3 suggest 
this steady supply of sympagic HBIs is likely a unique feature at DBO 4 (unpublished data). 
Although pelagic phytoplankton blooms are greater in the summer as seasonal ice retreats, in 
addition to the occurrence of under-ice phytoplankton blooms (Arrigo et al. 2014, Assmy et 
al. 2017), the continuous export of IP25 suggests a sustained source of sea ice carbon is 
transported to the benthos, both when grazing pressure in the water column is minimal and as 
a result of re-suspension events throughout the year (Koch et al. 2020b). The mean iPOC 
value in the invertebrate tissue samples suggests an approximate 50:50 mixture of ice algae 
and phytoplankton, although our analysis does not preclude organic carbon from other 
possible detrital or terrestrial sources. Feeding experiments providing both ice algae and 
phytoplankton to benthic consumers have shown that certain organisms may preferentially 
consume ice algae (McMahon et al. 2006, Sun et al. 2009).  It has also been suggested that 
despite the preference for ice algae, many Arctic macrofauna exhibit dietary plasticity and 
will respond similarly to availability of either category of organic matter and may not be 
dependent on ice algae (Mäkelä et al. 2017, Kędra et al. 2019).  
Location did not fully account for the variability among the sampled organisms and was 
the basis for exploring the differences among species and feeding strategies. Deposit feeders 
have been previously observed to have greater ice algae utilization than suspension feeders 
based upon fatty acid concentrations in macrofaunal tissues in the Chukchi Sea (Schollmeier 
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et al. 2018). This was similarly demonstrated through feeding experiments and was attributed 
to preferential grazing on the higher fatty acid composition of ice algae (McMahon et al. 
2006). Our iPOC measurements confirm these findings, with higher values for surface and 
subsurface deposit feeders than suspension feeders throughout the study area (Fig. 3-4). Our 
HBI measurements do not mean that suspension feeders do not utilize ice algae from the 
water column. However, because ice algae aggregates sink rapidly to the seafloor and can 
overwhelm any pelagic grazers present, it is possible that much of the ice algae is not 
immediately consumed but is incorporated into the surface sediments (Legendre et al. 1992). 
By contrast, suspension feeders may more predominantly depend on water column 
phytoplankton that can be suspended in the water column over longer periods of the seasonal 
cycle.   
Understanding HBI retention in consumers is critical to fully interpreting any transition in 
food sources as sea ice coverage diminishes. Short residence times (days to weeks) of HBIs 
in various consumer tissues have been suggested from previous studies (Brown & Belt 2012, 
Brown et al. 2013b, Brown et al. 2014a). Based on the results from the HBI III depuration 
experiment (Fig. 3-8), and the assumption that those temperate results are generalizable to 
higher latitudes, the HBI signal may represent assimilation over the course of approximately 
one month prior to sampling. Similar assimilation rates (i.e. approximately one month) of 
organic carbon were determined in Arctic bivalves using isotope labeled ice algae (McMahon 
et al. 2006). While IP25-specific depuration rates are currently unavailable, a starting point 
might be to assume that this compound would behave similarly to HBI III, with further 
experimentation required to confirm this. Complexities include prior studies that suggest that 
metabolic rates can be quite variable in response to seasonal variations in temperature (Jansen 
et al. 2007) or that Arctic bivalves use elevated metabolic rates at low temperatures as an 
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adaptation strategy (Thyrring et al. 2015). The potential influence of temperature on 
metabolic rates when comparing our experiment using temperate species with Arctic species 
clearly imposes some limitations on the extent of possible interpretation. However, the results 
of this experiment demonstrate that very short lipid depuration (i.e. less than 48 hours) or 
bioaccumulation were not observed. If either were to be the case, relationships between sea 
ice and organic carbon transfer to higher trophic levels would be more ambiguous to 
interpret.   
Ice algae deposition occurred with the shortest time interval in the northeast Chukchi Sea 
stations prior to sampling, allowing for the freshest deposition of iPOC at those locations. 
Owing to the low sea ice conditions in the Bering Strait region in 2018, there would have 
been little to no opportunity for ice-associated blooms, as was evident in the anomalous 
timing of maximum chlorophyll biomass in June rather than April–May (Frey et al. 2018). 
Therefore, the low levels of iPOC in deposit feeders from DBO1 and 2 (Fig. 3-6B) were most 
likely from previous years’ sea ice carbon stored in the sediments. This indicates that this 
carbon source may serve as a reserve of lipid-rich organic matter in low sea ice years. This 
“sediment food bank” on polar shelves has been supported by other studies (Mincks et al. 
2005, Pirtle-Levy et al. 2009, Sun et al. 2009, McTigue & Dunton 2014, North et al. 2014, 
Schollmeier et al. 2018). Analysis of HBIs from sediment cores on the Chukchi Shelf indicate 
that IP25 is well-mixed by bioturbation and can increase with depth (Koch et al. 2020). 
However, biological utilization of stored sea ice carbon and consistent burial through 
bioturbation will ultimately deplete these reserves, and subsequently the associated sympagic 
HBIs.  
The importance of ice algae to predators and scavengers is not clear in light of our 
results. The iPOC values of these organisms suggest ice algae may not be a significant 
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component of their diet, which indicates more about their available prey items. It appears that 
P/S had comparable sea ice organic carbon levels as deposit feeders at IC (Fig. 3-4). 
Unfortunately, our sample sizes at DBO 4 and 5 were too low to robustly investigate this 
relationship where ice algae is incorporated into tissues in greater proportions. Future studies 
focused in these locations to analyze the progression of iPOC values in P/S and their 
preferred prey following sea ice retreat would be useful to better understand the significance 
of ice algae sources to these organisms, as they serve as important trophic links in the Pacific 
Arctic food web (Bluhm et al. 2009). 
The SUS/SDF tellinid clams (e.g. M. calcarea), have a wide range of iPOC values. M. 
calcarea are found throughout the Pacific Arctic region and often dominate the macrofaunal 
biomass (Grebmeier et al. 2018). Their dietary plasticity is advantageous to allow for broader 
utilization of the available food source. The range of iPOC values of M. calcarea were 
between those of the deposit and suspension feeders, suggesting utilization of dual feeding 
strategies. Prior work found that Macoma species preferred ice algae over phytoplankton 
(Sun et al. 2009), but compound specific stable isotope analysis of amino acids has also 
revealed that some deposit feeding benthic species with high feeding plasticity can adjust 
feeding strategies in response to the quality and availability of organic matter reaching the 
seafloor (Kędra et al. 2019). One other species in this study, G. margaritacea (Sipuncula), is 
primarily a deposit feeder in the Pacific Arctic but also capable of suspension feeding (Gibbs 
1977, Kędra et al. 2018).  Sipunculids may utilize this feeding method in high current flow 
regions like that of Barrow Canyon where sipunculan abundance is high (Kędra et al. 2018).  
G. margaritacea was one of two species in which the low end of the interquartile range 
of iPOC values was in the moderate utilization category for ice algae (25–50%, Fig. 3-7B). It 
also had one of the highest mean iPOC values overall. This range of iPOC values suggests 
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that G. margaritacea is one of the benthic macrofaunal groups most reliant on ice algae in the 
Pacific Arctic.  G. margaritacea abundance is greater in the Chukchi Sea than in the northern 
Bering Sea, particularly in depositional environments, which may be driven by sea ice 
persistence and differing food types reaching the seafloor (Kędra et al. 2018). Our results also 
suggest there may be an association between ice algae deposition and sipunculan 
distributions. Sipunculids are a known prey item for important higher trophic organisms 
including the Pacific walrus (Sheffield & Grebmeier 2009, Jay et al. 2014), snow crab 
(Divine et al. 2017), and possibly others (Kędra et al. 2018). We also found that the brittle 
star O. sarsiii had elevated sea ice algae dependence relative to other species. Elevated ice 
algae utilization by ophiuroids has been observed in the Canadian Arctic using HBIs, stable 
isotopes and fatty acids (Kohlbach et al. 2019). O. sarsiii are widely distributed throughout 
the Pacific Arctic, however, they are most abundant in the northern Chukchi Sea than to the 
south (Ambrose et al. 2001, Bluhm et al. 2009) although they are also abundant in the muddy 
sediments on the outer shelf-slope southwest of St. Lawrence Island (Grebmeier et al. 2015). 
Brittle star abundance is associated with finer grain sizes (Grebmeier et al. 2015), but our 
HBI data suggest that it could also be influenced by the availability of ice algae as a food 
source in these depositional environments. O. sarsiii are also a prey item for snow crab in 
addition to sea stars and buccinid snails (Bluhm et al. 2009), which are similarly important 
trophic links to marine mammals. Despite the suggestion of potential plasticity to food 
quality and availability, based upon biomarker evidence, sipunculids and brittle stars seem to 
have a preference for ice algae and may face greater impacts to shifting food sources as 




The main goal of this study was to determine the relative importance of ice algae on the 
highly productive shelves of the Pacific Arctic. The detection of sea ice source-specific 
biomarkers IP25 and HBI II, in comparison to the pelagic-sourced HBI III biomarker, suggests 
that both surface and subsurface deposit feeders in this region are more reliant on ice algae, 
compared to suspension feeders and predators/scavengers. Sea ice carbon is more abundant 
and utilized in greater proportions in the northeast Chukchi Sea relative to the northern 
Bering Sea and Bering Strait regions to the south. Our findings indicate that benthic 
communities of the Pacific Arctic display dietary plasticity for both sea ice and pelagic food 
sources with elevated ice algae utilization across several taxa and feeding strategies, either 
driven by elevated lipid content or availability and accessibility of this food source. Changes 
in quality, quantity and timing of primary production are likely to impact these benthic 
populations. The concept of a food bank stored within sediments on Arctic shelves is further 
supported here. This reservoir of organic matter may provide prolonged access to lipid 
reserves in the sediment in low sea ice years and in the decades to come.  If ice algae 
production becomes much less prominent as the ice edge retreats northward, the sympagic 
carbon reserves will eventually be depleted and replaced by exclusively pelagic-sourced 
carbon which may particularly affect those organisms that currently obtain nearly half of their 
carbon from ice algae. The incorporation of HBI measurements into Arctic benthic food web 
studies provides advantages as a monitoring tool because of the source-specificity associated 
with the sea ice origin of organic matter. While the HBI measurements improve our ability to 
track the utilization of sea ice primary production, they may not fully capture the pelagic 
primary production and might be best considered complementary measurements to other 
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Abstract 
We analyzed the highly branched isoprenoid lipid biomarker-based index (H-print) to 
follow the trophic transfer of sympagic (ice-associated) organic carbon to an ice-obligate 
consumer in the Pacific Arctic. We measured these trophic biomarkers in walrus liver tissues, 
with residence times of days to weeks, made available by Indigenous subsistence hunters 
harvested from 1997-2016 and coupled with δ15N tissue measurements.  Samples were 
collected from Bristol Bay (an ice-free summer/autumn male haulout location), the northern 
Bering Sea (mixed-sex winter breeding grounds with presence of sea ice in the winter and 
spring), and the Chukchi Sea (predominantly female summer/autumn foraging grounds with 
the highest persistence of sea ice). The H-print index estimated sympagic carbon 
contributions to the walrus tissues harvested from the Chukchi Sea to be >50%, significantly 
greater (p < 0.001) than the northern Bering Sea and Bristol Bay. While there was no clear 
relationship between sympagic carbon and trophic position overall, higher trophic positions 
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in the Chukchi Sea revealed an increasing complexity of the food web moving northward.  
Walrus tissues harvested in the northern Bering Sea were significantly different (p < 0.001) 
between males and females with the elevated sympagic carbon found in females. Male 
walruses from Bristol Bay contained exclusively pelagic carbon (>97%), consistent with 
minimal sea ice coverage. These patterns are consistent with largely sex-segregated 
distributions during most of the year and regional sea ice coverage. The elevated sympagic 
carbon in females in the Bering Sea is likely linked to energetic demands associated with 
pregnancy and lactation.  Sympagic carbon in young walruses was consistent with elevated 
levels in females. The retreat of seasonal sea ice in recent decades may therefore create a 
greater vulnerability for female and dependent young Pacific walruses and should be 
considered in management of the species, including the application of the U.S. Endangered 
Species Act.  
4.1. Introduction 
Primary production in the Pacific Arctic region is partitioned between sympagic (sea ice) 
and pelagic (open water) sources (Nelson et al. 2014). On the continental shelf there is tight 
sea ice-pelagic-benthic coupling resulting in high benthic biomass (Grebmeier et al. 2006a), 
which supports a variety of specialized predators of the benthos including spectacled eiders, 
grey whales, Pacific walruses (Odobenus rosmarus divergens) and bearded seals (Grebmeier 
et al. 2015, Kuletz et al. 2015). This ecosystem is undergoing a shift from a benthic-
dominated system to a more pelagic-based one owing in part to changes in ice algal 
production (Huntington et al. 2020). Ice algae are considered to be an important food source 
for benthic populations owing to the early timing of the blooms, which are rapidly exported 
to the benthos (McMahon et al. 2006). However, ice algae may be decreasing and 
phytoplankton blooms may be increasing in some regions in response to sea ice declines 
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(Arrigo et al. 2008). It is unclear how this shift will impact food webs in the Pacific Arctic 
(Grebmeier et al. 2010, Kędra et al. 2015). We selected the Pacific walrus to investigate how 
sea ice primary production is presently being utilized and incorporated at the upper trophic 
levels of this benthic-dominated system. Declining sea ice not only affects foraging behavior 
and access to foraging grounds for the Pacific walrus (Jay et al. 2012, Jay et al. 2017) but it 
also has the potential to reduce the quality of their diet in response to shifting carbon sources 
and associated lipid content. Therefore, we attempt to identify another mechanism in which 
climate change is likely impacting this species.  
We used highly branched isoprenoid (HBI) lipids, which are biomarkers produced by 
diatoms with well-defined sea ice and phytoplankton sources (Brown et al. 2013a, Brown et 
al. 2014c, Brown et al. 2014d) to track the trophic transfer of these carbon sources. One HBI 
in particular has made these biomarkers useful for Arctic food web studies (Brown et al. 
2013a), which is termed IP25 (Belt et al. 2007). IP25 is only produced in Arctic sea ice by four 
ice-associated diatom species (Brown et al. 2014c, Limoges et al. 2018). HBI II, a similar 
compound with two double bonds, is co-synthesized with IP25 and serves as an additional 
suitable proxy for sea ice organic carbon (Brown et al. 2014d). In contrast, HBI III is 
produced by pelagic diatoms in open waters and ice-edge blooms (Belt et al. 2017), and 
serves as a pelagic counterpart. These three HBIs together can be used to estimate the relative 
sympagic and pelagic organic carbon contributions (Brown et al. 2014d). Based on the 
relative proportion of ice algae and phytoplankton utilized by primary consumers (Brown & 
Belt 2011, Brown et al. 2017a), the HBI signal is incorporated into these lower trophic levels 
(Koch et al. 2020a), and then subsequently into secondary consumer tissues through trophic 
transfer (Brown et al. 2013a, Brown et al. 2013b, Brown et al. 2017b, Brown et al. 2018). In 
marine mammals, the liver is metabolically active with high tissue turnover rates on the order 
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of days to weeks (Vander Zanden et al. 2015). Therefore, by analyzing HBI signatures in 
walrus livers, we can estimate carbon sources assimilated on short timescales that reflect 
recent sea ice conditions and associated primary production. Owing to their source 
specificity, HBIs have the potential to inform how valuable sympagic production is in the 
Pacific Arctic food web and can hopefully contribute to monitoring the ecosystem response to 
shifting food sources in the years to come.  
The Pacific walrus serves as an interesting test case for several reasons including their 
geographic range relative to sea ice areal coverage, the migratory behavior of this species, 
their benthic-based diet and their physical reliance on sea ice. The geographic range of the 
Pacific walrus females and their dependent young generally follows that of the seasonal ice 
edge, constrained to the shallow waters over the continental shelf (Fay 1982). Increasingly in 
recent years, sea ice retreats further north where the ice edge is typically over deep water by 
late summer, limiting an important platform for foraging walruses (Cooper et al. 2006, Jay et 
al. 2012). Beginning in 2007, walruses began regularly using coastal haulouts along the 
Alaskan coast and Chukotka peninsula once sea ice had retreated off of the Chukchi shelf 
(Jay et al. 2012). Sea ice over the shelf allows walruses to forage further offshore where 
benthic biomass is high (Jay et al. 2012). Sea ice also provides a platform for female walruses 
giving birth and nursing their young (Fay 1982). Breeding grounds have historically included 
the western and southeastern Bering Sea, but the largest is in the northern Bering Sea, south 
of St. Lawrence Island (Fay 1982, MacCracken et al. 2017). Male haulout locations are 
prominent on the Kamchatka Peninsula and near Bristol Bay in the southeast Bering Sea 
where they remain throughout the year (MacCracken et al. 2017). As the sea ice retreats in 
the early spring, female, dependent young, and some male walruses typically follow the ice 
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edge north into the Chukchi Sea where they remain (when possible) through the fall until the 
ice begins to reform (Fay 1982).  
Walruses consume a wide range of benthic prey items (Sheffield & Grebmeier 2009, 
Maniscalco et al. 2020, Sonsthagen et al. 2020). They have the ability to forage on infaunal 
organisms up to 30 cm deep into the sediments (Oliver et al. 1983). Walruses primarily feed 
on bivalves but their diet also includes gastropods and polychaetes in the Chukchi and Bering 
seas (Bluhm & Gradinger 2008, Sheffield & Grebmeier 2009). Most of what is known about 
the Pacific walrus diet has come from fresh stomach content studies, acknowledging that 
some prey items are underrepresented with this method (Fay 1982, Sheffield & Grebmeier 
2009). Uncertainties remain regarding the breadth of their diets and the flexibility that exists 
to adapt and partition resources with other benthic predators in the region (Oxtoby et al. 
2017). With expanding northward ranges of boreal species, there may also be increasing 
competition for benthic resources, as has recently been observed for the Atlantic walrus 
(Odobenus rosmarus rosmarus) population (Gebruk et al. 2020). An analysis of the status of 
the Pacific walrus population indicated the need for understanding walrus diets and potential 
prey shifts (and quality) as a result of climate change (MacCracken et al. 2017).  
South of St. Lawrence Island in the northern Bering Sea is an important wintering ground 
and breeding area for the Pacific walrus population (Jay et al. 2014, MacCracken et al. 2017). 
The area is the site of a winter polynya (area of open water in otherwise ice-covered waters) 
that generates cold bottom water during sea ice formation and elevated nutrient supply, 
leading to high benthic biomass (Grebmeier & Cooper 1995), resulting in an ideal walrus 
foraging location (Jay et al. 2014). Tellinid bivalves (i.e. Macoma spp.) are historically 
prevalent in this region and areas of high biomass were determined to be significantly 
correlated with Pacific walrus foraging site selection (Jay et al. 2014). However, this region is 
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changing in response to a warming climate and the bivalve communities have been shifting 
northwards over the past few decades (Goethel et al. 2019). The once dominant Tellinid and 
Nuculanid bivalves in the southern part of the region have been replaced by polychaete 
worms, which may be linked to changes at the base of the food web and/or changing 
sediment characteristics (Grebmeier et al. 2018). As the sea ice retreats earlier in the year, or 
never reaches previously covered areas (e.g. 2018 and 2019) an early spring ice-edge bloom 
does not occur (Duffy‐Anderson et al. 2019, Stabeno & Bell 2019). Studies have 
hypothesized that a retreating winter ice edge and shifting benthic populations could lead to a 
northward shift in the walrus wintering grounds and changes in their prey selection (Jay et al. 
2014, Beatty et al. 2016). The northern Bering Sea is transitioning to a pelagic dominated 
system with a declining benthic standing stock that will have consequences for marine 
mammals, particularly the benthic-feeding Pacific walrus (Grebmeier et al. 2006b, Grebmeier 
et al. 2018).  
 Seasonal segregation of the Pacific walrus population is timed by the advance and 
retreat of the seasonal ice edge. Walruses segregate into distinct groups where adult males 
remain in the northern Bering Sea, Bristol Bay and Kamchatka while females, dependent 
calves and young walruses follow the ice edge north into the Chukchi Sea each spring where 
they stay until autumn (Fay 1982, MacCracken et al. 2017). Declining sea ice has 
consequences for these summer and autumn foraging grounds in the Chukchi Sea (Jay et al. 
2012, Jay et al. 2017, MacCracken et al. 2017). Walruses require a substantial amount of 
benthic prey to meet their energetic needs (Fay 1982, Noren et al. 2012). The southeastern 
flanks of Hanna Shoal in the northeast Chukchi Sea have sufficiently high bivalve biomass, 
providing the caloric density requirements to sustain walrus foraging activities (Noren et al. 
2012, Wilt et al. 2014, Young et al. 2017). However, access to Hanna Shoal is largely 
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dependent on the presence of sea ice given the distant offshore location, which allows the 
walruses to haulout on ice to rest and remain offshore (Beatty et al. 2016, Jay et al. 2017). 
Without sufficient sea ice coverage on the shelf, these walruses are forced to seek out coastal 
haulouts, either utilizing scarce nearshore resources or traveling much greater distances to 
reach their preferred foraging grounds (Jay et al. 2012, Beatty et al. 2016, Jay et al. 2017). 
The benthic communities closer to the Alaskan shore are influenced by the Alaska Coastal 
Current (Iken et al. 2010), which is warmer, fresher and nutrient-poor compared to the Bering 
Sea water that flows towards Hanna Shoal in the summer (Gong & Pickart 2015, Woodgate 
2018). The nutrient-rich waters of Hanna Shoal, coupled with prolonged presence of sea ice 
(Weingartner et al. 2017), allow for sustained ice algae blooms that likely fuels the high 
benthic biomass there (Grebmeier et al. 2015, Hauri et al. 2018). Ice algae are likely a more 
prominent food source for the benthos in the Chukchi Sea than in the Bering Sea (Koch et al. 
2020a) and may be a source of more lipid-rich prey for walruses.  
Combining the foraging ecology of the Pacific walrus with its close association to the sea 
ice, changes in sympagic and pelagic primary production may have an indirect impact on 
walrus condition and foraging behavior in the future. The objectives of this study were: (1) to 
investigate the relative contribution of sea ice organic carbon in the Pacific walrus diet to 
establish a baseline in anticipation of shifting organic carbon sources at the base of the food 
web, (2) determine regional and sex-specific differences in the utilization of sea ice organic 
carbon, and (3) evaluate sea ice organic carbon composition alongside trophic position 
throughout the region to assess possible shifts in walrus diets. Understanding the ecological 
connections between the Pacific walrus and sea ice, and the associated potential threats owing 
to climate change, have been an ongoing research imperative (Jay et al. 2011, Udevitz et al. 
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2017). HBIs provide a novel approach to assess these connections and may be useful 
monitoring tools in the future.   
4.2. Materials and methods 
4.2.1. Study Site 
The geographic range of the Pacific walrus spans the Bering and Chukchi seas (Fig. 
4-1), with coastal haulouts spanning many locations along the coasts of Russia and the United 
States (Alaska) (Fischbach et al. 2016). Walrus samples in this study originated from three 
general regions. Bristol Bay is located in the southeastern Bering Sea where several all-male 
coastal haulouts occur in the summer and autumn months, including the consistently 
occurring haulouts at Round Island (Fay 1982).  The predominantly St. Lawrence Island 
Yupik villages of Gambell and Savoonga on St. Lawrence Island are positioned at the 
entrance of the Bering Strait, close to large wintering and breeding grounds in the northern 
Bering Sea and along the passageway to the Chukchi Sea during the annual northern spring 
migration route (Fay 1982, Huntington et al. 2016). Subsistence hunts occur here in the 
spring, typically around May of each year (Fay 1982, Kapsch et al. 2010, Huntington et al. 
2016). Walrus hunting occurs in villages across northwestern Alaska but for this study walrus 
samples from the Chukchi Sea were only available from harvests that occurred 
near Wainwright and Utqiaġvik. Walrus samples from Point Lay were collected during 
several walrus mortality haulout investigations (Stimmelmayr et al. 2016). The walruses 
harvested by hunters in these communities are known to forage near the coast as well as 
further offshore, near Hanna Shoal in the northeast Chukchi Sea (Garlich-Miller et al. 2011, 




Figure 4-1 Distribution of the Pacific walrus and sample harvest locations. Boxes indicate regions 
used to determine the sea ice concentration near the time of collection (DBO 1 and 4, Bristol Bay) and 
for stable isotopes of nitrogen from sediment organic matter (DBO 1 and 4). Walrus range data 
modified from Garlich-Miller et al. (2011) and Smith (2010).  
The Distributed Biological Observatory (DBO) sampling regions occupy five areas 
of high benthic biomass in the northern Bering and Chukchi sea, which in turn support higher 
trophic levels (Grebmeier et al. 2010). Several of these DBO regions are hotspots for walrus 
foraging activities owing to the high benthic biomass (Grebmeier et al. 2015). Our study 
focuses on DBO regions 1 and 4 (Fig. 1). DBO 1 is located south of the St. Lawrence Island 
polynya, which is a key area for Pacific walrus wintering and a prominent breeding ground 
(Fay 1982). DBO 4 is located on the southeastern flanks of Hanna Shoal, a shallow region on 
the northeast Chukchi shelf with substantial bivalve populations and the location of a 
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prominent summer foraging ground for walruses (Fay 1982, Jay et al. 2012, Grebmeier et al. 
2015). Bristol Bay is not part of the DBO but was included in this study because it is a region 
of the Pacific walrus range that is ice-free for most of the year and would potentially serve as 
a pelagic endmember for comparison, as the male walruses there remain in the Bering Sea 
year-round (Fay 1982).  
4.2.2. Sample collection 
Subsistence hunted livers were donated to the University of Alaska Museum of the North 
(permit number: UAM 2018.020.Mamm) and the North Slope Borough Department of 
Wildlife Management (collected under US Fish and Wildlife Service permit number: MA 
80164B-0) (Table 1). Samples from the North Slope Borough also included several walruses 
found dead from haulout mortality investigations at Point Lay. The collection date, location, 
sex, and age class of the walruses were identified at the time of collection, or were otherwise 
marked as unknown. Walrus livers were stored at -80°C prior to processing. The Museum of 
the North provided 0.5 g tissue plugs, shipped on dry ice; these samples were freeze-dried 
immediately upon arrival. The North Slope Borough Department of Wildlife Management 
sent frozen livers to the Chesapeake Biological Laboratory where we sampled 0.5–1 g of 
tissue using sterilized stainless steel scalpels followed by freeze-drying over 24 hours.  
Table 4-1 Walrus liver sample summary 
Location Source Month Date sample size (n) 








May 2002 3 - - 
 Savoonga May 2003 3 - 1 
 Gambell May 2004 1 2 - 
 Diomede May 2005 3 - - 
  May 2012 21 12 - 
  May 2014 9 23 1 
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  May 2015 - 1 - 
  April/May 2016 12 5 - 




     
Round Island September 1997 - 12 - 






unknown 2007 - - 1 
 Utqiaġvik unknown 2008 - - 4 
 Wainwright July 2009 1 1 1 
 Point Lay 
July & 
September 2010 1 2 1 
  July 2011 1 2 1 
  June/July 2012 5 3 - 
  July 2013 2 - - 
  July & October 2014 3 5 - 
  
4.2.3. Biomarker extraction and analysis  
After freeze-drying, HBIs were extracted following established methods (Belt et al. 
2012, Brown et al. 2014d).  Samples were saponified in a methanolic KOH solution and 
heated at 70°C for one hour. Hexane (4 mL) was added to the saponified solution, vortexed, 
and centrifuged for three minutes at 2500 RPM, three times. The supernatant with the non-
saponifiable lipids (NSLs) was transferred to clean glass vials and dried under a gentle N2 
stream. The initial extracts were re-suspended in hexane and fractionated using open column 
silica gel chromatography. The non-polar lipids containing the HBIs were eluted while the 
polar compounds were retained on the column. The eluted compounds were dried under N2. 
50 µL of hexane was added twice to the dried purified extract and transferred to amber 
chromatography vials.  
The extracts were analyzed using an Agilent 7890A gas chromatograph (GC) coupled 
with a 5975 series mass selective detector (MSD) using an Agilent HP-5ms column (30 m x 
0.25 mm x 0.25 µm), following established methods (Belt et al. 2012). The oven temperature 
was programmed to ramp up from 40°C to 300°C at 10°C/minute with a 10-minute 
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isothermal period at 300°C.  HBIs were identified using selective ion monitoring (SIM) 
techniques. The SIM chromatograms were used to quantify the HBI abundances by peak 
integration with ChemStation software (Agilent Technologies, California, USA). A purified 
standard of known IP25 concentration was used to confirm the mass spectra, retention time 
and retention index (RI). The HBIs were identified by their mass ions and RI including IP25 
(m/z 350.3), HBI II (m/z 348.3) and HBI III (m/z 346.3). A procedural blank was run every 9th 
sample.   
The relative abundances of the sympagic HBIs (IP25 and HBI II) to the pelagic HBI 
(HBI III), were quantified in order to determine the proportions attributable to different 
organic carbon sources. The H-print index provides an estimate of the relative organic carbon 
contributions of phytoplankton to sea ice algae (Brown et al. 2014d). The H-print (Eq. 4-1), is 
calculated using the relative abundances of IP25, HBI II and HBI III, as determined by GC-
MSD methods:   
H-print % = HBI III
𝐼𝐼𝐼𝐼25+𝐻𝐻𝐻𝐻𝐼𝐼 𝐼𝐼𝐼𝐼+𝐻𝐻𝐻𝐻𝐼𝐼 𝐼𝐼𝐼𝐼𝐼𝐼
 x 100      (Eq. 4-1) 
The estimated organic carbon contribution varies from 0% to 100%, with lower values 
indicative of proportionally greater sympagic organic carbon and higher values indicative of 
proportionally greater pelagic organic carbon. Sea ice organic carbon (iPOC), as a proportion 
of marine-origin carbon within samples, was estimated using Eq. 4-1 from a prior H-print 
calibration from feeding experiments with known algal species [R2 = 0.97, p <0.01, df = 23 
(Brown & Belt 2017)].  
iPOC % = 101.8 – 1.2 x H-print              (Eq. 4-2) 
In contrast to the H-print index, higher iPOC values reflect greater proportions of organic 
carbon derived from ice algae.  
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4.2.4. Stable isotope analysis 
Freeze-dried samples were homogenized with a mortar and pestle. 0.4–0.6 mg of 
tissue was weighed and introduced into tin capsules. The carbon and nitrogen stable isotope 
ratios were measured at the stable isotope facilities at the Chesapeake Biological Laboratory 
using a Costech elemental analyzer coupled to a ThermoFisher Delta V Isotope Ratio Mass 
Spectrometer in continuous flow mode. Nitrogen isotope ratios are expressed relative to 
atmospheric nitrogen (N2) and Vienna-PeeDee Belemnite (VPDB) for carbon isotopes using 
the following equation: 
𝛿𝛿𝛿𝛿 = �� 𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
� − 1� 𝑥𝑥 1000    (3) 
where R is the corresponding ratio of 15N/14N or 13C/12C. An internal protein standard was 
run every 5 samples (for carbon) and an internal standard of black sea bass (Centropristis 
striata) liver and Acetanilide (for nitrogen) were run every 9 samples.  Since large amounts 
of 13C-depleted lipid in liver tissue can affect the δ13C results, we considered the practicality 
of removing tissue lipids prior to analysis or undertaking a general stoichiometric correction 
(Post et al. 2007), which may not be valid for Pacific walrus livers (Clark et al. 2019b). 
Owing to the limited amount of tissue available for the northern Bering Sea walrus samples at 
the time of that recommendation, we were unable to re-analyze and extract lipids from these 
samples to conduct an adequate δ13C analysis. Therefore, the δ13C values (with lipids) 
measured (S3 Table) were not considered in the numerical analysis.   
Trophic positions (TP) for Pacific walruses were calculated from the stable nitrogen 
isotope values of livers using the following three equations (Eq. 4-4 – 4-6): 
TPSPOM = (δ15Nwalrus - δ15NSPOM)/3.4 + 1     (Eq. 4-4) 
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TPSS = (δ15Nwalrus - δ15NSurface Sediment)/3.4 + 1   (Eq. 4-5) 
TPMC = (δ15Nwalrus - δ15NMacoma calcarea)/3.4 + 2  (Eq. 4-6) 
The use of an enrichment factor of 3.4 is in agreement among several food web studies in 
the Pacific Arctic region (Iken et al. 2010, McTigue & Dunton 2014, North et al. 2014) and a 
standard enrichment factor suitable for marine consumers (Post 2002). We used previously 
published stable nitrogen isotope values from the northern Bering and Chukchi seas for 
suspended particulate organic matter (SPOM), surface sediments from DBO 1 and 4, and 
Macoma calcarea (a primary consumer). TPSPOM, TPSS, and TPMC each assumes a different 
approach to serve as the food web baseline.  TP(SPOM) considers particulate matter in the water 
column before it is reworked in the sediments and nitrogen values are impacted by 
denitrification processes (Chang & Devol 2009). TPSPOM for the northern Bering Sea were 
calculated using the mean δ15N of spring SPOM measurements (North et al. 2014). TPSPOM 
were calculated for the Chukchi Sea using δ15N measurements associated with the Bering Sea 
water mass (Iken et al. 2010), which flows across the Chukchi Shelf near Hanna Shoal 
(Weingartner et al. 2017). TPSS used the δ15N of surface sediments collected in July 2016 
(Grebmeier & Cooper 2019d), which was intended to represent a cumulative estimate for 
each region. TPMC utilized mean δ15N values of M. calcarea from prior food web studies in 
the northern Bering (North et al. 2014) and northeast Chukchi seas (Iken et al. 2010, 
McTigue & Dunton 2014).  
4.2.5. Sea ice analysis 
Monthly averaged sea ice concentrations were retrieved at a 12.5-km resolution from 
the National Snow and Ice Data Center (NSIDC, https://nsidc.org) using the Defense 
Meteorological Satellite Program (DMSP) Special Sensor Microwave Imager/Sounder 
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(SSMIS) passive microwave data. We calculated the mean monthly sea ice concentrations 
within the boundaries of selected DBO regions associated with the month and year of walrus 
harvest and likely foraging grounds two weeks prior to determine a sea ice index. For 
example, a walrus harvested from St. Lawrence Island in early May 2016 was assumed to be 
foraging at DBO 1 in late April 2016. DBO 1 was assigned as the foraging area for the 
northern Bering Sea walruses harvested in the spring months and DBO 4 for the walruses 
harvested from the Chukchi Sea in the summer and fall months. However, we note that these 
assignments may not always accurately represent walruses from more southeastern foraging 
aggregations in the St. Lawrence Island/Diomede harvest or walruses recently migrating 
north in the early summer (June) harvests from Utqiaġvik/Wainwright (Jay et al. 2012). Since 
Bristol Bay is not a part of the DBO, a similarly sized delimited region offshore of Round 
Island (80 x 124 km, 57.7-58.4°N 158.9-161.3°W) was assigned for the walruses harvested 
from this location (Fig. 4-1).  
Annual sea ice persistence data were calculated from SSMIS sea ice concentrations 
[using a 15% threshold to determine the presence vs. absence of sea ice cover, as in Frey et 
al. (2015)] for regional sea ice comparisons between 2012 and 2014. Persistence data were 
parsed annually from 15 September 2011 through 14 September 2012 and 15 September 2013 
through 14 September 2014 to encompass the full seasonal sea ice advance and retreat cycle. 
Sea ice persistence anomalies were calculated relative to the 1981–2010 average (i.e., the 
average of all years between 15 September 1980/14 September 1981 through 15 September 
2009/14 September 2010). 
4.2.6. Numerical analysis 
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All analyses were conducted using R version 3.6.1. Walrus samples from all years 
were assigned to one of three regions including Bristol Bay (Round Island), northern Bering 
Sea (Gambell and Savoonga on St. Lawrence Island, as well as samples originating from 
Diomede Village (Inalik) on Little Diomede Island), and the northeast Chukchi Sea (village 
sources were Point Lay, Wainwright, and Utqiaġvik) based on their harvest location (Fig. 4-
1). We determined if there were distinctions in carbon source among walruses harvested from 
these three regions by exploring the sympagic and pelagic HBIs graphically through non-
metric multidimensional scaling (NMDS) ordination plots using the R package ‘vegan’. 
Distances were based on Bray-Curtis dissimilarities of three HBIs (IP25, HBI II and HBI III). 
A two-way ANOVA with interactions was used to determine if there were differences in 
iPOC between sexes and regions. Significant relationships were identified by post-hoc Tukey 
pairwise comparison and means adjusted using the R package ‘lsmeans’. We 
opportunistically utilized all available liver samples and as a result, there were unequal and 
low sample sizes from most years of this study to assess changes in iPOC over time. 
Adequate sample sizes were available from 2012, 2014 and 2016 (northern Bering Sea only) 
to allow for limited annual comparisons. Age class data were available for approximately half 
of the samples. Of the known age classes in the Chukchi Sea samples (n=25), 10 were calves 
and 15 were adults. Only 6 of 57 walruses were identified as calves in the northern Bering 
Sea samples. Based on the comparable sample sizes, the effect of age class on sea ice organic 
carbon was examined for the Chukchi Sea only. A Welch two sample t-test was used for 
comparisons between adults and calves. The sea ice index was not normally distributed as 
determined by a Shapiro-Wilk test and therefore associations between our sea ice index and 
iPOC values were assessed using the non-parametric Spearman’s (rho) rank correlation. We 
used one-way ANOVA tests to explore the relationship between sex, region and trophic 
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position based on stable nitrogen isotope values and sea ice organic carbon in walrus liver 
tissues.  
4.3. Results  
4.3.1. Sea ice organic carbon (iPOC%) by region and sex 
The NMDS ordination plot indicated there were distinctions in sea ice organic carbon 
among the three regions (Fig. 4-2A). The iPOC values were normally distributed by region 
with equal variances, therefore a two-way ANOVA test was conducted with sex and region as 
factors. Samples with unknown sex were excluded from numerical analysis examining sex as 
a factor. There were significant differences between sex (DF=1, F=25.30, p<0.001) and 
region (DF=2, F=25.40, p<0.001). However, the interaction between sex and region was also 
significant (DF=1, F=4.5, p<0.05), therefore the least square means were reported. The 
adjusted mean (± SE) iPOC value in livers was highest in the Chukchi Sea with females at 51 
± 5% and males at 54 ± 5%. In the northern Bering Sea, females reached iPOC values of 43 ± 
2% and males reached 29 ± 2% (Fig. 4-2b, Table 4-2). In Bristol Bay, male walruses had only 
3 ± 5% sympagic carbon (Fig. 4-2B, Table 4-2). iPOC values in livers ranged from 1 – 79 % 





Figure 4-2 Regional analysis of sea ice organic carbon   a) Ordination plots of sea ice organic 
carbon (iPOC%) by region with the influence of individual HBIs shown as vectors and b) Boxplots for 
iPOC (%) in Bristol Bay, northern Bering Sea and Chukchi Sea by year from 1997-2016. All samples 
(males, females and unknown sex) are included. Boxes depict the interquartile range from the first to 
third quartiles, including the median (horizontal line), minimum/maximum (vertical lines) and outliers 
(individual points).   
Table 4-2 Summary of sea ice organic carbon (iPOC %) in Pacific walruses by region and sex 
Region Sex 
Mean 
iPOC(%)* SE n 
Bristol Bay females - - - 
  males 3 5 12 
Northern Bering Sea females 43 2 54 
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  males 29 3 51 
Chukchi Sea females 51 5 12 
  males 54 5 13 
*Means adjusted to account for significant interaction between factors (Sex and Region) 
 
Due to small samples sizes for most years of this study, only 2012, 2014 and 2016 
had adequate sample sizes to allow for limited comparisons between sexes in the northern 
Bering and Chukchi seas (Fig. 4-3; Table 4-3).  Post-hoc Tukey tests confirmed sea ice 
organic carbon was significantly higher in northern Bering Sea females compared to males in 
2012, 2014 and 2016 (p < 0.001).  Sea ice organic carbon was similar between males in 
females in the Chukchi Sea in 2012 but higher in females in 2014 (p < 0.001). 
 
 
Figure 4-3 Sea ice organic carbon (iPOC%) by region and sex.   Sea ice organic carbon by region 
and sex for 2012, 2014 and 2016 (northern Bering Sea only). The boxplot indicates the interquartile 
range from the first to third quartiles, with the median shown as the horizontal line within each box for 
females (purple) and males (green) for each region. All individual data points are shown. The red-
dashed line indicates 50% sea ice organic carbon utilization, with values above this level suggesting an 
elevated sea ice signature. 
136 
 
Table 4-3  Summary of sea ice organic carbon (iPOC%) mean and standard error (SE) by year 
between male and female Pacific walruses in the northern Bering Sea and Chukchi Sea for 2012, 
2014 and 2016. 
 
The only years with overlapping samples collected from both the Bering and Chukchi 
seas occurred in 2012 and 2014 (Table 4-3).  There was no difference between northern 
Bering Sea males or females compared to Chukchi Sea males and females in 2012 (p>0.05). 
Contrastingly in 2014, females in the Chukchi Sea had greater sea ice organic carbon than 
females in the northern Bering Sea (p<0.001) and males had more sea ice organic carbon in 
the Chukchi Sea than in northern Bering Sea males (p<0.001).  
4.3.2. Sympagic carbon (iPOC%) by age class 
In the Chukchi Sea, calves had higher sea ice organic carbon than adults (Fig. 4-4). 
Eight of the 10 calves sampled in this region had iPOC values that exceeded 50%. A Welch 
two-sample t-test indicated the difference in iPOC between calves and adults was significant 
(t=-2.8, df=13, p<0.05).  









males 23 4 41 3 24 3 
females 40 3 58 4 41 3 
Chukchi Sea       
males 25 6 62 4 - - 
females 42 6 80 6 - - 




Figure 4-4 Sea ice organic carbon (iPOC%) by age class in the Chukchi Sea  Box plots represent 
the interquartile range of values for adults and calves in the Chukchi Sea. The red-dashed line indicates 
50% sea ice organic carbon utilization, with values above this level suggesting an elevated sea ice 
signature. 
4.3.3. Sea ice  
There was no significant correlation between the sea ice index and sea ice organic 
carbon in walrus liver tissues overall. Based on the significant differences of sea ice organic 
carbon observed between the Bering and Chukchi seas, we ran correlation tests for each 
region. The sea ice index was significantly correlated with iPOC in the Chukchi Sea (R=-0.55 
and p<0.001), but there was no correlation in the northern Bering Sea.  
There was a divergent pattern in sea ice anomalies for 2011/12 in the Pacific Arctic 
region (Fig. 4-5a). Sea ice persistence in 2011/12 in the northern Bering Sea was above the 
1981–2010 average by upwards of 40 days or more, while sea ice persistence was below 
average in the Chukchi Sea (Fig. 4-5a). In contrast, there was a more uniform pattern of 




Figure 4-5 Sea ice persistence anomalies for 2011/12 and 2013/14 for the Pacific Arctic. a) Sea ice 
persistence anomalies for 15 September 2011 – 14 September 2012 and b) 15 September 2013 – 14 
September 2014 compared to a 1980/1981-2009/2010 base period. These time intervals encompass the 
full annual sea ice advance and retreat cycle. 
4.3.4. Stable nitrogen isotope composition and trophic positions 
Overall, there was a significant difference (p < 0.001) in δ15N values (Table S-3) 
between the northern Bering Sea (13.4 ± 0.9 ‰) and Chukchi Sea (14.9 ± 1.0 ‰) samples as 
determined by a one-way ANOVA, but there was no significant difference between males 
(13.6 ± 1.3 ‰) and females (13.9 ± 0.9 ‰). Comparisons were possible between 2012 and 
2014, in which the differences between regions were significant  in both 2012 (DF=1, 
F=15.51, p<0.001) and 2014 (DF=1, F=58.79, p<0.001) as determined by one-way ANOVA 
testing. 
  TPSPOM values ranged from 2.2–2.7 in the northern Bering Sea and 3.6–3.9 in the 
Chukchi Sea (Table 4-4). The mean TPSPOM for Bristol Bay (3.1 ± 0.2, Table 4-4) was more 
similar to the Chukchi Sea. Trophic positions (TPSPOM) were significantly different among all 
three regions (DF=2, F=353.7, p < 0.001) as determined by ANOVA testing. TPMC (DF=1. 
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F=116.9, p < 0.001) and TPSS (DF=1, F=257.6, p < 0.001) were also significantly different 
between the northern Bering and Chukchi Seas. Differences between males and females were 
not significant (p > 0.05). There was no linear relationship between iPOC and trophic 
position, however, there was a distinct regional grouping (Fig. 4-6). All three approaches to 










δ15N (‰) TPSPOM 
Surface 
Sediment 
δ15N (‰) TPSS 
Macoma 
calcarea  
δ15N (‰) TPMC 
Northern 
Bering Sea   8.8a, b   8.7e   9.9b   
females 13.7 ± 0.8  2.4 ± 0.2  2.5 ± 0.2  3.1 ± 0.2 
males 13.0 ± 0.7  2.2 ± 0.2  2.3 ± 0.2  2.9 ± 0.2 
unknown 14.4 ± 1.6  2.7 ± 0.5  2.7 ± 0.4  3.3 ± 0.4 
Chukchi 
Sea  5.63c  7.3e  9.4c  
females 14.7 ± 0.9  3.7 ± 0.3  3.2 ± 0.3  3.5 ± 0.3 
males 15.4 ± 1.2  3.9 ± 0.3  3.4 ± 0.4  3.7 ± 0.3 
unknown 14.5 ± 1.6   3.6 ± 0.2   3.1 ± 0.2   3.5 ± 0.2 
Bristol 
Bay  7.4d  -  -  
males 14.6 ± 0.4  3.1 ± 0.1  -  - 
aLovvorn et al. 2005      
bNorth et al. 2014     
cIken et al. 2010     
d Smith et al. 2002      




Figure 4-6 Trophic position (TPSPOM) and sea ice organic carbon (iPOC %) by region.  Pacific 
walrus trophic levels were calculated using suspended particulate organic matter (SPOM) values from 
the southeastern Bering Sea (representing Bristol Bay), northern Bering Sea and Chukchi Sea. 
4.4. Discussion 
4.4.1. Regional variability in sea ice organic carbon and the sea ice index 
The regional patterns observed in this study (Figs. 4-2 and 4-3) are generally 
consistent with sea ice persistence patterns and HBI distributions determined from surface 
sediments (Koch et al. 2020b). The iPOC signature in walrus livers are likely more a 
reflection of the broader HBI distributions and the location of primary foraging activities 
rather than differences in resource selection. This observation is also supported by the HBI 
content of benthic invertebrates across the Pacific Arctic, specifically in Tellinid bivalves 
(Koch et al. 2020a). These bivalves are ubiquitous throughout the entire region and were also 
generally consistent with the HBI distribution pattern in the surrounding surface sediments, 
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with elevated iPOC relative to the surface sediments in a few locations (Koch et al. 2020a). 
Tellinid biomass has proven to be a significant predictor of Pacific walrus resource selection 
models in both the northern Bering (Jay et al. 2014) and Chukchi (Beatty et al. 2016) seas.  
The HBI distributions in the sediments are a reflection of differences in ice algae 
production throughout the region (Koch et al. 2020b). Sea ice persistence in the Chukchi Sea 
exceeds that of the northern Bering Sea by 2–4 months (Frey et al. 2015). Recent studies of 
particle fluxes in the northeast Chukchi Sea indicate a year-round export of diatoms, 
including ice-associated diatoms, on the shallow shelf (Lalande et al. 2020). Additionally, 
subsurface chlorophyll alongside disassociated ice algae suggest that ice algae are likely 
contributing to prolonged periods of productivity on the Chukchi shelf (Stabeno et al. 2020). 
These data imply that sympagic HBI levels in the northeast Chukchi Sea would be higher 
than those found in the northern Bering Sea, and therefore the sea ice organic carbon would 
be higher in the prey items utilized by northerly walrus populations in the summer and 
autumn.  
 HBIs have been used to demonstrate dependence on ice-derived resources by upper 
trophic predators, including seabirds and marine mammals, throughout the polar regions 
(Goutte et al. 2013, Goutte et al. 2014a, Brown et al. 2017b, Cusset et al. 2019). In one of 
these studies, a sea ice use index was applied to analyze the reliance on ice-derived resources 
by two species of seabirds in the Canadian Arctic with different foraging behaviors and 
dependence on sea ice (Cusset et al. 2019). That prior study concluded ice-obligate thick-
billed murres relied heavily on ice-associated prey as indicated by a strong correlation with 
this species and a sea ice-use index, while contrastingly no such relationship was found for 
fulmars that are not a sea ice obligate species. Thick-billed murres are restricted in large-scale 
movements owing to their ice-obligate foraging behavior while fulmars are not (Cusset et al. 
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2019). Those findings provide an interesting comparison with our results. We found no 
correlation between the sea ice index and the whole of our Pacific walrus data. As noted 
previously, this species migrates across a gradient of sub-Arctic to Arctic habitat with distinct 
sea ice conditions, while also coupling the benthic and pelagic realms along the way. These 
large-scale movements likely result in both horizontal and vertical habitat integration by these 
transient marine mammals. This integration across the entire Pacific Arctic region over the 
course of a few months during the ice melt season is likely why our sea ice index did not 
robustly match iPOC values in walrus tissues. The negative correlation for the Chukchi Sea 
walruses relative to the sea ice index was unexpected (i.e. more sea ice organic carbon 
assimilation during open water periods). The few samples that were collected in September 
when sea ice was absent weighted this negative association. These walruses may have had a 
longer period of time to forage on more of the prey that had previously assimilated sea ice 
organic carbon than those harvested earlier in the summer. The relationship is no longer 
significant if these samples are excluded. These complexities show that direct associations 
may not always be possible with sea ice indices in secondary consumers. However, our study 
also indicates that HBIs may still serve as fingerprints of where large marine predators were 
foraging, similar to the way that carbon isotope distributions have been used to create 
isoscapes that map differences in primary production throughout a given area (Graham et al. 
2010). Additionally, tracking the sympagic carbon in these organisms over time may still be 
useful in monitoring responses to declining sea ice. HBI measurements of other marine 
mammals and seabirds in this region with differing foraging ecologies will be potentially 
useful in further assessing changes in food webs as seasonal sea ice declines.  
 While there was no association between the sea ice index and sea ice organic carbon 
values, there were still interesting patterns when assessing the results from 2012 and 2014 
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within a broader context of sea ice cover during these two seasonal sea ice cycles. In 2012, 
the northern Bering Sea experienced a cold year in which sea ice persistence was well above 
average (Fig. 4-5a). However, there was also a geographically divergent pattern in 2012, as 
sea ice in the Chukchi Sea was a record low year (Frey et al. 2015) (Fig. 4-5a). This 
geographically divergent sea ice pattern would potentially explain higher than average sea ice 
algae trophic markers in the Bering Sea and lower abundance in the Chukchi Sea, reflected in 
comparable values for the two regions (Fig. 4-2b). However, in 2014, sea ice persistence 
anomalies indicate similarly negative values throughout the region (Fig. 4-5b). Therefore, the 
default HBI distribution pattern observed for the region (increasing sympagic HBIs from 
south to north (Koch et al. 2020b)) was reflected in the consumer tissues.  
4.4.2. Elevated sea ice organic carbon in female and Chukchi Sea walruses  
Sea ice organic carbon was higher in females from the northern Bering Sea and also for 
the mixed-sex walruses harvested from the Chukchi Sea, relative to those from the northern 
Bering Sea and Bristol Bay (Fig. 4-3). The elevated sea ice biomarkers in females in the 
northern Bering Sea samples relative to males, which had no significant difference from 
tissue values in the Chukchi Sea, could be explained by a few possibilities. The first is that 
foraging behavior may differ among males and females in this region and during the winter 
and spring seasons. Resource partitioning between males and females was implicated as the 
reason for differences in fatty acid profiles in Pacific walrus blubber (Oxtoby et al. 2017).  
Early studies of walrus stomachs suggested that females and juveniles tended towards smaller 
bivalves compared to that of males (Fay 1982). Other differences in male and female prey 
selection have been reported. For example, male Pacific walruses have been reported to 
opportunistically forage on higher trophic level prey (HTLP), including seals and seabirds, if 
there is a lack of preferred prey owing to availability or requirements to forage in nearshore 
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environments (Fay 1982, Seymour et al. 2014).  Indications of seals and other HTLP in 
walrus diets have been suggested through stable isotopes and is supported to some extent 
with observational data (Lovvorn et al. 2010). However, this behavior, and whether it differs 
between males and females, remains inconclusive and is also believed to be atypical (Fay 
1982, Seymour et al. 2014). Resource partitioning may also be linked to breeding. During the 
winter breeding season in the northern Bering Sea, male walruses reduce foraging efforts to 
focus on mating (Ray et al. 2006). The breeding season for the Pacific walrus occurs 
approximately from January through March (Fay 1982). A majority of the walrus livers from 
the northern Bering Sea included in this study were collected in April and May. Based on the 
assumed turnover rate of HBIs in liver, it is possible that the sea ice biomarker signatures are 
a reflection of this behavior.  The results from Oxtoby et al. (2017) suggested an 
incorporation of lipid-rich resources from the previous season, reflecting turnover rates of 
several months for blubber. By contrast, the use of liver in this study and a more rapid 
turnover rate further constrains this possible resource partitioning to the time period close to 
the subsistence hunt. By reducing the time period of metabolic activity, we conclude the 
dependence on sea ice organic carbon is not derived from a prior year.  
The elevated sea ice organic carbon in females could also be a result of metabolic 
differences, in which the females have greater lipid stores than males to support lactation and 
pregnancy and selectively forage on more lipid-rich food sources (Noren et al. 2012, Noren et 
al. 2014).  Pregnant and lactating females have been observed in the water for greater periods 
than males, suggesting increased foraging efforts (Fay 1982). Lactating females need to 
increase their lipid stores to support these energetic demands, equivalent to doubling clam 
consumption during this time (Noren et al. 2014). Owing to the distinct sexual segregation 
during the summer and autumn seasons, general differences in diet by sex can be anticipated 
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based on the prey availability in different foraging areas, particularly with males foraging 
from coastal haulouts and females foraging from offshore sea ice. It had previously been 
concluded that males and females generally eat the same prey while occupying the same area 
(Fay et al. 1989, Sheffield & Grebmeier 2009). However, it has been proposed that female 
walruses may be at greater risk of disturbance than males owing to loss of sea ice habitat 
(Garlich‐Miller et al. 2006, Garlich-Miller et al. 2011, Jay et al. 2011, Noren et al. 2012). The 
loss of sea ice could impact the females’ ability to successfully reproduce and provide 
adequate nutrition for their offspring (Noren et al. 2012, Noren et al. 2014, Jay et al. 2017). 
Stress and reproductive biomarkers analyzed from recent and archaeological Pacific walrus 
bones suggested potential resilience to declining sea ice (Charapata et al. 2021), but ongoing 
monitoring of this species is necessary to track their response to unprecedented change.  
The effects of declining sea ice on walruses may already be evident in the northern 
Bering Sea. Observations from the southwestern Bering Sea indicate that occupation of land 
haulouts by males in this region may be shifting to northward locations in the Chukchi Sea on 
the Chukotka Peninsula (Zagrebelny & Kochnev 2017). There has also been a northward shift 
in bivalve populations at DBO 1 (Goethel et al. 2019), which is near a prominent walrus 
breeding ground and a prey base for these walruses (Jay et al. 2014). Negative associations 
with sea ice declines have also been reported in body condition observations for females and 
juveniles of other pinniped species in this region (Boveng et al. 2020). These observations 
together suggest a broader ecosystem shift is underway in response to warming waters, 
reduced sea ice coverage and timing of ice retreat, and changes in the quality, quantity and 
timing of primary production (Grebmeier et al. 2018, Huntington et al. 2020). 
The HBI signatures from benthic macrofauna in the Bering and Chukchi seas 
suggested a greater reliance on sea ice organic carbon by subsurface deposit feeders and 
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predominantly pelagic organic carbon signatures in suspension feeders and 
predator/scavengers throughout the region (Koch et al. 2020a). If female walruses were 
foraging on more infaunal organisms deep in the sediments as opposed to more motile 
epifauna, including predatory gastropods or crustaceans, this may be one explanation for 
differences in their sea ice organic carbon signatures compared to males. Additionally, the 
iPOC signatures in benthic prey were highest at the DBO 4 region, which is located at Hanna 
Shoal, a popular walrus foraging ground in the summer (Grebmeier et al. 2015). Studies in 
the northern Bering (Jay et al. 2014) and Chukchi (Beatty et al. 2016) seas concluded that 
Tellinid biomass was a significant predictor of Pacific walrus resource selection. While iPOC 
data in Tellinid clams that correspond with the timing of the walrus harvests and samples 
used in this study are currently unavailable, mean iPOC values from both regions in 2018 
suggest a significant difference in their sea ice organic carbon content (~6% in the Bering Sea 
and ~40% in the Chukchi Sea) (Koch et al. 2020a). Given the similarities between males and 
females in the Chukchi Sea walrus samples, the prey HBI data suggest these walruses likely 
have similar foraging behaviors. However, the elevated sea ice organic carbon values 
observed in females from the northern Bering Sea suggest foraging behaviors differ from 
males during the spring when factoring in mating, pregnancy, and lactation requirements. The 
study assessing sea ice biomarkers in benthic fauna also revealed elevated sea ice organic 
carbon use by another common prey item, sipunculid worms (Koch et al. 2020a), which are 
also more prevalent in the Chukchi Sea than in the northern Bering Sea (Kędra et al. 2018). If 
these prey items preferred by females and young in the Chukchi Sea are also vulnerable to 
sea ice declines, this poses another negative potential consequence for walruses.  
4.4.3. Trophic position and sea ice organic carbon utilization 
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Trophic positions were higher overall in the Chukchi Sea (Fig. 4-6). However, it is 
unlikely that the summer diets of Pacific walruses in the Chukchi Sea are substantially 
different than those in the northern Bering Sea in the spring and winter (Sheffield & 
Grebmeier 2009). The distribution and availability of bivalves, their preferred prey item, 
throughout the Pacific Arctic region supports this argument (Grebmeier et al. 2015). 
Therefore, the difference in trophic position is likely driven by large-scale processes in the 
region. The food web in the Chukchi Sea becomes more complex than the northern Bering 
Sea as a result of the Pacific inflow system, where advective processes deliver substantial 
organic carbon that is in part degraded and deposited as water moves across the shelf (Feng et 
al. 2020). As a result, the detrital food web becomes more influential in the northern Chukchi, 
likely leading to the elevated trophic position estimates. This is also evident in the observed 
gradation of denitrification from south to north in the region (Brown et al. 2015). The Bristol 
Bay walrus samples were at a higher trophic position than the northern Bering Sea male 
walruses, which were more comparable to the Chukchi Sea values (Fig. 4-6). However, this 
may be a more authentic representation of differences in diets owing to the available prey 
choices, including an apparent elevated utilization of fish (Maniscalco et al. 2020).  
In the northern Bering Sea, higher iPOC levels in males were associated with a lower 
trophic position. One possibility is that males meeting a majority of their caloric demands 
from bivalves and invertebrates leads to elevated iPOC levels and are less dependent on 
HTLP, while foraging on higher trophic level prey results in lower iPOC. Subsurface deposit 
feeders had elevated iPOC values compared to predatory gastropods, which are considered 
HTLP (in addition to seals and seabirds) (Koch et al. 2020a). Additionally, the requirement to 
forage on HTLP could be driven by low sea ice years where access to benthic offshore 
resources was reduced (Fay 1982). Prior investigations of HTLP in walrus diets concluded 
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that seals and seabirds were the source of elevated trophic position based on stable isotope 
mixing models, but suggested this could also be contributions from predatory gastropods and 
crustaceans which were not adequately represented in the model (Seymour et al. 2014). There 
was a significant difference in δ15N between males and females in the Bering Sea, which 
contradicts previous studies, although these studies were not assessing regional differences 
across the Pacific Arctic (Seymour et al. 2014, Clark et al. 2019a). Female walruses had a 
higher mean δ15N than males (13.7 ± 0.8‰ versus 12.9 ± 0.8‰). Based on the observations 
of iPOC in benthic macrofauna in the Bering Sea, deposit feeding invertebrates had higher 
iPOC levels than suspension feeders (Koch et al. 2020a). The iPOC levels in predators and 
scavengers was potentially dependent on the date of sample collection relative to the ice algae 
bloom but overall had lower sea ice organic carbon levels than other benthic infauna. 
Therefore, the variable trophic positions are independent of iPOC values, which suggests 
foraging on a diversity of benthic invertebrates but still overall having higher mean iPOC 
values than males (i.e. foraging on more lipid-rich prey items). In 2012 and 2014, TPSPOM 
were significantly different between the Chukchi and northern Bering Seas. Contrasting this 
with the sea ice organic carbon (Figs. 4-2 & 4-3), where there was no significant difference in 
2012, supports our suggestion that sea ice organic carbon was higher in the Bering Sea during 
this cold year and/or lower in the Chukchi Sea during a record low sea ice year. The similar 
trophic positions and divergent patterns suggest there was a shift in the carbon sources at the 
base of the food web rather than a shift in prey choices.   
4.5. Conclusions 
There were limitations to this study owing to the opportunistic nature of our samples. 
Based on the variability observed from year-to-year and no clear annual trends, larger sample 
sizes with walruses sampled from the northern Bering and Chukchi seas in the same year 
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would be critical to unambiguously record the changes occurring in the region. 
Unfortunately, this was not possible with the available archived liver tissues. The available 
data do suggest there are differences in sea ice organic carbon components serving as food 
sources throughout the Pacific Arctic region and among the male and female cohorts of this 
population. Additionally, the lack of a clear relationship between sea ice organic carbon 
utilization and the satellite-based sea ice index could potentially be improved with a longer 
time series. Having demonstrated the proof of concept for this approach in walrus livers, 
coordinated sampling efforts in the future could be valuable in tracking the relationship 
between sea ice algae and Pacific walruses in response to declining seasonal sea ice. 
Our study sought to reveal linkages between sea ice algae and Pacific walrus diets, as 
shifts in primary production driven by climate change will have cascading effects on the food 
web. HBI biomarkers revealed distinct differences in sea ice organic carbon among walruses 
sampled from 2012, 2014 and 2016 that varied among sex, region and season. Sea ice-derived 
organic carbon was higher in walruses from the Chukchi Sea during subsistence hunting 
activities in July through September than those harvested from St. Lawrence Island in the 
northern Bering Sea in April or early spring months. This regional distinction aligns with HBI 
data from walrus prey items (benthic macrofauna) and the general distribution of HBIs found 
in the surface sediments throughout the Pacific Arctic (Koch et al. 2020b). There was no 
significant difference between males and females in the Chukchi Sea, suggesting similar 
foraging behaviors of the migratory individuals during the summer and autumn. Females 
indicated greater uptake of ice-derived organic carbon than males in the northern Bering Sea, 
which may be due to females seeking out lipid-rich prey items and/or different foraging 
behavior (i.e. reduced foraging by males at this time of the year). Male walruses harvested 
from Bristol Bay in September displayed a near complete pelagic-based diet (i.e. minimal to 
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no sea ice-derived organic carbon), which is driven by the absence of sea ice for most of the 
year and potentially due to differences in prey selection/availability. The sympagic carbon 
estimates from Round Island in 1997 provide an end member comparison for the exclusively 
male haulout locations in Bristol Bay, as opposed to the male walruses that migrated into the 
Chukchi Sea. Sea ice organic carbon increased in both male and female Bering Sea walruses 
in 2012, which was a cold year in the Bering Sea with above-average sea ice persistence, and 
decreased in the Chukchi Sea, further supporting the connection between trophic transfer of 
HBIs and sea ice conditions. Future research on sea ice organic carbon utilization by age 
class in walruses is needed, but preliminary data suggest that walrus calves may have 
elevated sea ice organic carbon in their diets, perhaps driven by an enhanced requirement for 
lipid-rich prey to support their growth and development, or regional influences owing to their 
time spent foraging in the Chukchi Sea. Overall, we conclude there is a greater dependence 
on sea ice organic carbon by female Pacific walruses and possibly juveniles which may 
suggest they are particularly vulnerable as seasonal sea ice continues to diminish in this 
region.  
4.6. Acknowledgements 
We would like to thank the subsistence hunters from the communities of St. Lawrence 
Island, Diomede, Bristol Bay, and the North Slope for sharing the walrus tissues that formed 
the basis for this study. We thank Dr. Link Olsen and the staff at the University of Alaska 
Museum of the North for providing sampling support to obtain walrus samples from the 
Bering Strait communities. We thank Cédric Magen for providing stable isotope 
measurements. Discussions with Chad Jay from the US Geological Survey were instrumental 
in improving an earlier version of this manuscript. We recognize and appreciate the Savoonga 
151 
 
Tribal Council and elders for welcoming our team into the village to discuss our findings and 










































5.1. Recommendations  
5.1.1. Combining trophic markers 
Overall, the findings of this work collectively support the further use of HBIs to track sea 
ice organic carbon flow through the food web and should be considered as a measurement in 
future Pacific Arctic ecosystem assessments. Yet as noted in Chapter 1, recent studies (Leu et 
al. 2020) have strongly recommended that pairing multiple trophic markers, including HBIs, 
is a better approach. There are circumstances in which HBIs will underperform (e.g. if the 
HBI-producing species is absent or environmental variables suppress its production). Yet 
their source specificity is highly valuable in confirming sympagic and pelagic sources. While 
I was able to apply the use of whole tissue, bulk stable isotope measurements in Chapter 4, 
the pairing of measurements of fatty acids, total lipid content and compound specific stable 
isotope analysis of amino acids or carbohydrates would likely be more insightful for future 
studies of Pacific walrus livers. In the end this approach with walruses (or other marine 
mammals and tissue types) could provide a more holistic assessment of walrus condition 
relative to declining sea ice. For example, HBIs could be a very useful, complementary 
measurement to the recent study assessing ribbon and spotted seal body condition in response 
to sea ice declines in the Pacific Arctic (Boveng et al. 2020). I have also initiated an 
exploratory project with Dr. Chadwick Jay and Dr. Sarah Sonsthagen (US Geological 
Survey) to compare the results of DNA metabarcoding clam gut contents collected at DBO 3 
and 4 with HBI measurements from clams collected in the same grabs. Ideally, we will be 
able to identify a proportion of sympagic and pelagic diatoms from both approaches, based on 
genetic material and lipid content in Macoma calcarea.  
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5.1.2. HBI synthesis 
The influence of environmental conditions on HBI synthesis is still an area of research 
that requires more attention. It was recently proposed that the Z (HBI III) and E (HBI IV – 
not shown in Fig. 1-1) isomers of the HBI trienes may have predictive capabilities for the 
spring pelagic phytoplankton bloom, as expressed in an equation termed HBI TR25 (Belt et al. 
2019). The TR25 equation was initially tested in the Barents Sea and showed a strong 
correlation with the marginal ice zone. Yet, one of the first studies to try this model 
elsewhere, specifically in the Fram Strait and Baffin Bay, did not find such a relationship 
(Kolling et al. 2020). As outlined in Chapter 2, another study identified HBI III that is 
possibly synthesized within sea ice (Amiraux et al. 2019). The assumption that HBI III is 
synthesized in open waters or MIZs needs further verification. Despite these discrepancies, 
Kolling et al. (2020) found a good fit between all sea ice proxies discussed here, and the 
general distributions of IP25 and HBI II, relative to the ice edge and/or perennial ice cover, 
suggesting the strong sensitivity of these biomarkers to sea ice. Further work is also needed to 
better understand the role of nutrient dynamics and salinity on HBI synthesis, particularly in 
the Pacific Arctic region (Brown et al. 2020, Kolling et al. 2020). 
5.2. Ongoing and future work 
There are still ongoing efforts among the community of HBI researchers to determine 
the best performing sea ice proxy for paleoclimate sea ice reconstructions (Belt 2018, Kolling 
et al. 2020). This is especially relevant for calibrating modern sediments to the spring and/or 
summer sea ice concentrations (SpSIC and SuSIC). As noted in Chapter 1 and 2, the SpSIC 
equation proposed by Smik et al. (2016) was developed from data in the Barents Sea. The 
Pacific Arctic hydrography, nutrients, sea ice and productivity are quite different from the 
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Barents Sea and that equation may not be appropriate. The Barents Sea is influenced by the 
warm Atlantic inflow, as opposed to the Pacific inflow on the Chukchi Shelf – with an earlier 
retreat and lower persistence of seasonal sea ice. A Pacific-based SpSIC derived from the 
data in Chapter 2 needs to be tested on additional samples. The sea ice index PBIP25 was 
investigated as part of this work, but was not included with the results published in Chapter 2. 
Some of these preliminary results (2012–2017) are presented here.  
5.2.1. Preliminary results 
The PBIP25 results were in general agreement with the H-print data. The presence of ice 
algae in DBO 1 in 2015 is particularly clear, even when using brassicasterol. Further analysis 
of existing datasets from the St. Lawrence Island polynya in 2015 would be valuable to lend 




Figure 5-1 PBIP25 index for 2012-2017  The sea ice index PIP25 was measured in surface sediments 
using brassicasterol and HBI III. Surface sediments were collected on the CCGC Sir Wilfrid Laurier 
(SWL) and the USCGC Healy (HLY). The cruise number signifies the year of samples collection (e.g. 
SWL15 in 2015, HLY1702 in 2017) 
I also tested the effectiveness of each of the sea ice indexes (PBIP25, PIIIIP25, and H-
print) for one year that spanned all DBO regions in 2016 (Fig. 5-2). For this particular 
dataset, the PBIP25 index performed the best (R2=0.60), followed by PIIIIP25 (R2 = 0.41) and 
then H-print (R2=0.38). I plan to test these various equations on other datasets and test other 
sample years using multiple linear regression to determine the most appropriate index and 
equation for this region.  
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Figure 5-2 Comparison of sea ice indexes in 2016   The three primary versions of the sea ice index 
using IP25 were compared using surface sediments from 2016.  
5.3. Ice-associated carbon fluxes 
In Chapter 2, I examined ice-associated carbon fluxes in the northeast Chukchi Sea at 
the Chukchi Ecosystem Observatory (i.e. DBO 4) to inform our understanding of HBI 
distributions throughout the region. Sediment traps have also been deployed at DBO 2 and 
DBO 3, and very recently at DBO 1. Sediment traps from DBO 2 and DBO 3 from 2016-17 
have been analyzed and will be presented in a future report documenting the succession of 
HBIs and diatoms in relation to the retreating ice edge. Analyzing overlapping HBI fluxes 
and diatom taxonomy from a single annual sea ice cycle along a latitudinal gradient from the 
northern Bering Sea to the northeast Chukchi Sea (DBO 1–4) would be a unique dataset 
following the ice edge north in a single season. Contemporaneous mooring deployments at all 
four DBO sites are not yet available. There are sediment trap samples available from DBO 2–
4 for 2018–2019 and will be analyzed for HBIs in the future. This analysis has the potential 
to improve our interpretations of HBIs in marginal ice zones and particularly will refine HBI 
interpretations in the Pacific Arctic region.   
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Although this particular deployment will not overlap with other DBO region, it will 
still be valuable to measure HBIs at the new sediment trap location from DBO 1 [located at 
the M8 mooring; Stabeno et al. (2019)]. M8 is located at the site of a winter polynya (an area 
of persistent open water in otherwise ice-covered regions and can be highly productive due to 
an elevated nutrient supply) in the northern Bering Sea. Analyzing this material provides a 
unique opportunity to examine the impact of ice cover on particulate carbon fluxes in a region 
experiencing unprecedented changes in sea ice, benthic biomass, and carbon supply to the 
seafloor (Grebmeier et al. 2006b, Grebmeier 2012, Stabeno et al. 2019). In 2018 this polynya 
did not form due to record low winter sea ice extent and this likely impacted the vertical flux 
of material to the benthos (Grebmeier et al. 2018, Siddon et al. 2020). Given that this rapid 
change in ice-cover can be considered representative of future ice-free conditions, I plan to 
compare the Bering Sea mooring samples with those collected in the northeast Chukchi Sea, 
where sea ice persists throughout the growing season and is characterized by year-round 
export of ice algae. Using these data alongside a biogeochemical model with explicit 
representation of ice algae, I hope to predict how future changes in sea ice extent may impact 







Figure S2-1 Boxplots of sea ice organic carbon (iPOC%) and feeding strategy by cluster A) 
Cluster 1, B) Cluster 2, C) Cluster 3. Boxes indicate the interquartile range from the first to third 
quartiles, with the median shown as the line within each box. The minimum and maximum points are 




Table S-1 Surface sediment sample summary  Summary of surface sediment sample station names 
and coordinates (latitude/longitude), dates and cruises collected, TOC (%), and HBI biomarker 
concentrations including IP25 (µg/g TOC), HBI II (µg/g TOC) and HBI III (µg/g TOC) along with H-
print (%) values.  
Station 
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CBL11 HLY12-01 8/13/2012 72.11 -165.43 0.84 2.3 5.7 10.0 59.5 
H24 HLY12-01 8/13/2012 71.63 -164.79 0.35 5.0 10.5 21.7 55.6 
H10 HLY12-01 8/14/2012 72.30 -164.25 1.17 2.1 2.4 9.5 40.1 
H21 HLY12-01 8/14/2012 72.52 -164.73 1.72 2.5 10.2 11.1 70.5 
H30 HLY12-01 8/14/2012 72.74 -163.67 1.61 2.7 4.2 11.3 48.5 
H6 HLY12-01 8/16/2012 72.16 -163.60 0.74 3.8 6.6 16.7 50.3 
H8 HLY12-01 8/16/2012 72.37 -163.07 0.92 5.2 6.2 21.1 42.5 
H14 HLY12-01 8/17/2012 72.41 -161.25 1.59 2.2 4.0 8.8 53.0 
H4 HLY12-01 8/17/2012 72.54 -162.25 1.02 3.6 6.7 14.9 53.3 
H2 HLY12-01 8/18/2012 72.23 -162.12 0.25 2.0 3.2 9.0 48.3 
H3 HLY12-01 8/18/2012 71.87 -162.03 0.55 5.3 6.2 23.1 40.8 
H5 HLY12-01 8/18/2012 72.09 -161.74 0.31 2.9 2.1 12.8 29.6 
H1 HLY12-01 8/19/2012 71.65 -162.63 1.05 3.5 6.7 16.3 52.1 
H19 HLY12-01 8/19/2012 71.71 -161.55 1.13 2.5 3.4 10.0 45.5 
H16 HLY12-01 8/20/2012 71.91 -160.93 0.67 5.9 16.8 25.2 63.2 
H20 HLY12-01 8/20/2012 72.15 -159.95 1.01 2.0 2.5 8.1 43.2 
H32 HLY12-01 8/21/2012 71.78 -158.99 1.36 3.2 3.6 11.9 42.4 
H26/CBL1
4 HLY12-01 8/23/2012 71.37 -159.41 1.19 3.8 4.2 16.0 40.3 
H38 HLY12-01 8/23/2012 71.61 -159.36 1.15 2.4 3.4 10.7 45.4 
CBL15 HLY12-01 8/24/2012 71.72 -160.70 1.42 3.1 4.3 12.6 46.1 
H37 HLY12-01 8/24/2012 71.55 -160.67 1.19 3.4 5.3 15.4 47.4 
CBL11 HLY13-01 8/2/2013 72.10 -165.46 NA NA NA NA 58.6 
UTX1 HLY13-01 8/4/2013 72.06 -164.13 NA NA NA NA 55.2 
H17 HLY13-01 8/4/2013 71.99 -163.38 0.44 4.0 5.1 15.7 44.6 
H7 HLY13-01 8/4/2013 72.12 -162.72 0.53 4.8 6.7 21.6 44.7 
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HS3 HLY13-01 8/5/2013 71.93 -162.67 0.46 3.9 5.6 17.8 45.1 
UTX8 HLY13-01 8/5/2013 71.73 -163.46 0.45 4.5 5.7 21.6 41.5 
CBL13 HLY13-01 8/6/2013 71.30 -161.69 1.48 3.3 5.9 14.9 50.9 
H109 HLY13-01 8/7/2013 71.50 -159.51 1.30 4.2 5.2 16.5 44.1 
H111 HLY13-01 8/7/2013 71.24 -158.89 1.38 3.3 4.6 17.4 42.1 
H108 HLY13-01 8/7/2013 71.61 -159.38 1.29 3.4 3.8 14.2 40.5 
BARC6 HLY13-01 8/8/2013 71.46 -157.58 1.62 2.4 6.8 14.1 57.7 
BARC9 HLY13-01 8/8/2013 71.58 -157.84 1.05 3.4 4.4 14.9 43.5 
BARC2 HLY13-01 8/8/2013 71.29 -157.25 0.69 1.8 3.5 12.5 45.4 
BARC1 HLY13-01 8/8/2013 71.25 -157.17 0.45 2.2 2.8 15.7 34.7 
BARC4 HLY13-01 8/8/2013 71.37 -157.42 0.41 2.8 6.5 18.0 51.3 
BARC5 HLY13-01 8/8/2013 71.41 -157.50 1.65 2.1 5.3 13.6 53.2 
BARC8 HLY13-01 8/8/2013 71.54 -157.75 1.25 4.8 6.2 22.6 42.0 
CBL15 HLY13-01 8/9/2013 71.73 -160.72 1.16 3.0 3.5 11.9 42.0 
BARC10 HLY13-01 8/9/2013 71.62 -157.93 1.01 3.8 4.5 14.9 42.8 
H29 HLY13-01 8/9/2013 71.93 -158.33 1.28 3.3 0.5 11.9 9.7 
H106 HLY13-01 8/9/2013 71.76 -158.60 1.40 3.2 3.5 12.4 41.3 
H107 HLY13-01 8/10/2013 71.69 -159.87 1.28 3.0 3.4 12.9 40.6 
H33 HLY13-01 8/10/2013 71.82 -159.77 1.12 2.0 1.9 7.0 39.4 
H38 HLY13-01 8/10/2013 71.61 -159.36 NA NA NA NA 37.4 
H20 HLY13-01 8/10/2013 72.15 -159.95 1.28 2.9 4.4 12.3 47.3 
H34 HLY13-01 8/11/2013 71.99 -160.40 0.59 3.8 2.9 17.8 29.8 
H28 HLY13-01 8/11/2013 72.40 -159.35 1.40 3.8 3.7 13.4 39.5 
H15 HLY13-01 8/11/2013 72.45 -160.38 1.43 2.1 2.7 7.9 45.2 
H27 HLY13-01 8/11/2013 72.86 -161.22 1.12 4.6 5.6 20.6 41.6 
H28 HLY13-01 8/11/2013 72.40 -159.35 1.40 2.8 3.3 11.0 42.8 
H27 HLY13-01 8/11/2013 72.86 -161.22 1.12 4.6 5.6 21.7 40.8 
H9 HLY13-01 8/11/2013 72.22 -160.87 0.44 5.6 5.1 23.9 35.4 
H15 HLY13-01 8/11/2013 72.45 -160.38 1.43 2.3 1.8 7.9 35.2 
H34 HLY13-01 8/11/2013 71.99 -160.40 0.59 5.7 5.1 21.4 36.9 
H102 HLY13-01 8/13/2013 72.20 -158.41 1.25 5.5 3.7 17.7 32.3 
H102 HLY13-01 8/13/2013 72.20 -158.41 1.25 5.1 3.5 20.4 29.8 
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UTBS2 SWL14 7/16/2014 64.68 -169.10 0.18 0.6 5.6 3.3 82.2 
UTN1 SWL14 7/17/2014 66.71 -168.40 1.09 0.5 3.3 4.8 68.3 
UTN7 SWL14 7/17/2014 68.00 -168.93 1.37 0.4 6.9 2.7 88.6 
UTN4 SWL14 7/17/2014 67.50 -168.90 1.03 0.5 11.3 3.4 90.9 
UTN2 SWL14 7/17/2014 67.05 -168.73 0.74 0.4 6.4 3.7 84.6 
UTN6 SWL14 7/17/2014 67.74 -168.44 1.18 0.4 5.9 2.8 86.4 
UTN3 SWL14 7/17/2014 67.33 -168.91 0.85 0.3 7.7 2.9 89.4 
SEC6 SWL14 7/18/2014 68.19 -167.31 0.64 0.9 4.0 6.1 66.0 
SEC8 SWL14 7/18/2014 68.30 -166.94 0.62 2.0 3.2 13.4 41.1 
SEC7 SWL14 7/18/2014 68.24 -167.12 0.68 1.5 3.8 10.6 51.9 
SEC3 SWL14 7/18/2014 67.90 -168.23 1.13 3.7 69.7 25.6 89.0 
SEC4 SWL14 7/18/2014 68.01 -167.87 0.65 5.4 61.8 39.6 82.5 
SEC2 SWL14 7/18/2014 67.78 -168.60 1.22 2.8 22.5 18.3 78.3 
DBO4.3 SWL14 7/20/2014 71.23 -162.64 1.13 2.4 5.1 11.5 54.2 
DBO4.2 SWL14 7/20/2014 71.10 -162.26 0.81 2.1 5.8 10.7 59.6 
DBO4.1 SWL14 7/20/2014 70.97 -161.90 0.39 2.4 5.4 13.1 53.0 
DBO4.6 SWL14 7/21/2014 71.62 -163.77 0.92 3.6 6.9 16.6 52.4 
DBO4.5 SWL14 7/21/2014 71.49 -163.39 0.96 3.4 6.0 15.0 50.7 
DBO4.4 SWL14 7/21/2014 71.36 -163.01 1.72 4.6 10.5 21.5 56.3 
BARC3 SWL14 7/22/2014 71.33 -157.32 0.44 1.7 3.9 11.6 49.8 
BARC4 SWL14 7/23/2014 71.36 -157.36 0.34 2.2 3.6 14.4 42.4 
BARC5 SWL14 7/23/2014 71.40 -157.46 0.50 1.9 4.7 11.1 54.4 
SLIP2 SWL15 7/14/2015 62.05 -175.21 1.18 4.0 89.3 16.3 93.3 
SLIP3 SWL15 7/14/2015 62.39 -174.57 0.91 12.1 15.4 84.5 35.2 
UTBS5 SWL15 7/15/2015 64.67 -169.92 0.26 0.6 8.7 7.3 80.1 
SLIP4 SWL15 7/15/2015 63.03 -173.46 1.48 0.5 5.5 2.7 85.4 
UTBS4 SWL15 7/16/2015 64.96 -169.89 0.32 0.3 4.6 2.0 87.3 
UTBS2 SWL15 7/16/2015 64.68 -169.11 0.20 0.7 8.3 0.0 95.2 
UTBS4 SWL15 7/16/2015 64.96 -169.89 0.20 0.8 14.0 5.4 88.6 
SEC6 SWL15 7/17/2015 68.18 -167.31 0.45 11.0 71.5 76.0 73.6 
UTN3 SWL15 7/17/2015 67.33 -168.94 0.66 0.5 11.3 3.6 90.2 
UTN4 SWL15 7/17/2015 67.50 -168.94 0.96 2.5 63.6 23.4 89.6 
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SEC7 SWL15 7/17/2015 68.24 -167.12 0.61 1.3 1.3 8.1 31.9 
SEC5 SWL15 7/17/2015 68.13 -167.50 0.40 0.7 1.4 4.7 46.8 
UTN2 SWL15 7/17/2015 67.05 -168.73 0.57 0.6 14.2 4.8 90.2 
SEC8 SWL15 7/17/2015 68.30 -166.94 NA NA NA NA 31.6 
UTN6 SWL15 7/18/2015 67.74 -168.44 0.96 3.1 67.4 24.4 89.4 
SEC2 SWL15 7/18/2015 67.78 -168.60 1.09 3.5 65.2 22.9 89.3 
UTN7 SWL15 7/18/2015 68.00 -168.94 0.97 0.4 6.5 2.5 88.2 
SEC3 SWL15 7/18/2015 67.90 -168.23 0.83 6.7 100.8 38.2 88.1 
SEC4 SWL15 7/18/2015 68.01 -167.87 0.32 1.0 1.2 3.6 44.0 
DBO4.6 SWL15 7/19/2015 71.62 -163.79 0.65 5.6 1.4 23.1 13.4 
DBO4.4 SWL15 7/19/2015 71.36 -163.03 1.47 3.6 2.1 18.0 23.8 
DBO4.5 SWL15 7/19/2015 71.49 -163.41 0.76 3.0 0.7 11.2 13.1 
BARC8 SWL15 7/20/2015 71.54 -157.75 1.22 3.1 5.0 14.2 47.9 
BARC9 SWL15 7/20/2015 71.58 -157.83 0.99 3.0 3.9 12.6 43.9 
DBO4.2 SWL15 7/20/2015 71.10 -162.27 0.79 2.3 2.4 11.0 36.6 
BARC10 SWL15 7/20/2015 71.62 -157.91 1.09 3.5 1.0 15.0 15.1 
DBO4.1 SWL15 7/20/2015 70.97 -161.90 0.27 2.2 1.0 11.9 19.3 
BARC7 SWL15 7/20/2015 71.50 -157.67 1.49 2.6 4.1 12.7 46.4 
BARC6 SWL15 7/21/2015 71.46 -157.58 1.47 2.2 4.2 11.1 51.0 
BARC2 SWL15 7/21/2015 71.29 -157.25 0.58 7.8 144.5 51.2 89.2 
BARC1 SWL15 7/21/2015 71.25 -157.16 1.30 0.6 0.7 5.5 29.4 
BARC3 SWL15 7/21/2015 71.33 -157.33 0.29 2.3 1.3 15.2 20.5 
BARC5 SWL15 7/21/2015 71.41 -157.49 0.63 2.8 0.9 14.5 15.1 
BARC4 SWL15 7/21/2015 71.37 -157.41 0.41 2.4 3.8 16.7 40.3 
SLIP5 SWL16 7/13/2016 62.56 -173.55 1.16 0.3 3.4 1.7 85.3 
SLIP2 SWL16 7/13/2016 62.05 -175.21 1.07 0.4 6.3 2.0 89.8 
SLIP3 SWL16 7/13/2016 62.39 -174.57 0.83 0.3 4.4 1.6 88.6 
SLIP4 SWL16 7/13/2016 63.03 -173.46 1.32 0.1 1.6 0.8 86.1 
UTBS5 SWL16 7/14/2016 64.67 -169.92 0.28 0.6 9.1 3.4 88.3 
UTBS2 SWL16 7/14/2016 64.68 -169.10 0.17 0.5 8.2 3.1 88.4 
UTBS2A SWL16 7/14/2016 64.67 -168.24 0.17 0.4 9.4 2.9 90.5 
DBO2.7 SWL16 7/14/2016 65.00 -168.22 0.33 0.4 8.7 3.5 88.9 
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UTBS1 SWL16 7/14/2016 64.99 -169.14 0.23 11.0 15.0 48.8 44.3 
UTBS4 SWL16 7/15/2016 64.96 -169.89 0.29 0.7 12.2 4.0 89.6 
UTN1 SWL16 7/15/2016 66.71 -168.40 0.43 0.6 10.2 5.6 85.2 
UTN2 SWL16 7/15/2016 67.05 -168.73 0.64 0.4 10.4 3.2 90.6 
UTN4 SWL16 7/16/2016 67.50 -168.91 0.80 0.4 6.2 2.2 88.9 
UTN3 SWL16 7/16/2016 67.33 -168.95 0.69 0.1 1.9 0.5 90.4 
SEC7 SWL16 7/16/2016 68.24 -167.12 0.56 1.8 8.3 10.8 68.8 
SEC6 SWL16 7/16/2016 68.19 -167.31 0.54 1.2 8.0 6.2 78.0 
SEC8 SWL16 7/16/2016 68.30 -166.94 0.38 2.6 5.6 13.9 52.5 
SEC5 SWL16 7/16/2016 68.13 -167.49 0.53 1.3 10.7 7.0 81.0 
UTN6 SWL16 7/17/2016 67.74 -168.43 0.99 0.4 6.4 2.3 89.1 
SEC3 SWL16 7/17/2016 67.90 -168.23 0.81 0.4 7.0 2.8 88.4 
SEC4 SWL16 7/17/2016 68.01 -167.86 0.31 1.3 14.2 7.1 85.0 
SEC2 SWL16 7/17/2016 67.78 -168.60 1.00 0.5 7.9 3.3 87.7 
UTN7 SWL16 7/17/2016 68.00 -168.93 0.79 0.4 6.1 2.2 88.2 
SEC1/UTN
5 SWL16 7/17/2016 67.67 -168.96 0.94 0.5 7.4 2.9 87.9 
DBO4.2 SWL16 7/18/2016 71.10 -162.26 0.63 2.3 7.7 11.8 63.8 
DBO4.1 SWL16 7/18/2016 70.97 -161.90 0.35 2.3 8.5 11.5 66.7 
DBO4.3 SWL16 7/19/2016 71.23 -162.64 0.95 3.9 7.3 15.5 54.0 
DBO4.6 SWL16 7/20/2016 71.62 -163.78 0.65 3.8 6.6 16.7 50.5 
DBO3.6 HLY17-02 8/29/2017 67.90 -168.23 0.47 1.2 40.1 7.4 93.9 
DBO3.7 HLY17-02 8/29/2017 67.78 -168.60 0.54 1.0 31.3 6.2 93.6 
DBO3.5 HLY17-02 8/29/2017 68.01 -167.88 0.26 1.0 25.0 6.6 91.8 
DBO3.7 HLY17-02 8/29/2017 67.78 -168.60 0.54 1.1 33.6 7.5 93.0 
DBO3.4-
HAPS HLY17-02 8/30/2017 68.13 -167.49 0.41 0.9 18.5 7.9 88.0 
DBO3.4 HLY17-02 8/30/2017 68.13 -167.49 0.41 1.0 5.8 6.9 71.2 
DBO4.1 HLY17-02 8/31/2017 70.97 -161.89 0.44 3.0 11.2 13.7 68.2 
DBO4.6 HLY17-02 8/31/2017 71.62 -163.76 0.42 8.7 12.8 33.9 48.3 
DBO5.10 HLY17-02 9/1/2017 71.62 -157.90 1.21 0.5 0.6 3.5 33.4 
DBO5.9 HLY17-02 9/1/2017 71.58 -157.81 1.25 4.0 4.6 17.1 40.7 
DBO5.10 HLY17-02 9/1/2017 71.62 -157.90 1.21 4.3 3.9 16.1 37.1 




HAPS HLY17-02 9/2/2017 71.70 -163.26 0.97 6.2 8.3 23.8 46.2 
W2 HLY17-02 9/3/2017 72.12 -163.20 0.77 4.5 8.6 16.3 56.1 
W12 HLY17-02 9/3/2017 72.88 -166.85 1.79 4.0 5.4 14.0 47.9 
W4 HLY17-02 9/3/2017 72.21 -164.17 0.70 3.4 6.0 11.2 55.3 
NNE4 HLY17-02 9/4/2017 72.59 -161.35 1.43 2.9 5.1 10.3 54.4 
NNE3 HLY17-02 9/4/2017 72.47 -161.55 1.46 5.0 9.9 19.0 56.1 
NW1 HLY17-02 9/4/2017 73.04 -163.42 NA NA NA NA 35.1 
NW4 HLY17-02 9/4/2017 72.85 -163.18 1.51 4.2 4.5 14.8 42.3 
NNE8 HLY17-02 9/5/2017 72.95 -160.75 1.48 3.6 4.3 12.5 45.0 
E6 HLY17-02 9/8/2017 71.82 -159.70 1.13 3.9 3.7 12.8 40.1 
S4 HLY17-02 9/10/2017 71.22 -161.30 1.05 2.1 3.9 8.8 53.0 
S2 (CEO) HLY17-02 9/10/2017 71.48 -161.52 1.41 4.0 5.7 17.2 46.0 
S2-HAPS HLY17-02 9/10/2017 71.48 -161.52 1.41 2.2 2.7 9.0 42.7 
HAB2 HLY17-02 9/10/2017 70.57 -163.74 NA NA NA NA 69.7 
DBO1.8 HLY17-02 9/12/2017 63.02 -173.46 0.83 1.3 14.9 7.4 84.9 
DBO1.4 HLY17-02 9/13/2017 62.39 -174.57 0.52 0.7 9.9 4.7 86.3 
DBO1.6 HLY17-02 9/13/2017 62.56 -173.55 0.30 0.7 8.8 4.1 85.8 





Table S-2  Pairwise comparison results for feeding strategy groupings  Tukey honestly significant 
difference (HSD) test with Bonferroni correction for feeding type comparisons in the station groupings 
determined to be significant by ANOVA. Feeding strategies were classified as SUS (suspension), 
SUS/SDF (suspension/surface deposit), SDF (surface deposit), SSDF (subsurface deposit), and P/S 
(predator/scavenger). Significant p-values are denoted as less than 0.05 (*), 0.01 (**) and 0.001 (***). 
 
DBO Region - Tukey HSD 
DBO 3 p    Icy Cape p    DBO 4 p    DBO 5 p  
SDF-PS 0.04*  SDF-PS 1  SDF-PS 1  SDF-PS 0.45 
SSDF-PS 0.64  SSDF-PS 1  SSDF-PS 1  SSDF-PS 0.49 
SUS-PS 0.93  SUS-PS 0.14  SUS-PS 0.63  SUS-PS 1 
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SUS/SDF-PS 1  SUS/SDF-PS 0.95  SUS/SDF-PS 0.72  SUS/SDF-PS 0.89 
SSDF-SDF 0.15  SSDF-SDF 1  SSDF-SDF 1  SSDF-SDF 1 






SDF 0.95  
SUS/SDF-
SDF 0.26  
SUS/SDF-
SDF 0.71 
SUS-SSDF 0.96  SUS-SSDF 
0.04 




SSDF 0.52  
SUS/SDF-
SSDF 0.92  
SUS/SDF-




SUS 0.88  
SUS/SDF-
SUS 0.63  
SUS/SDF-
SUS 1  
SUS/SDF-
SUS 0.46 
           
   Clusters - Tukey HSD    
   Cluster 2 p    Cluster 3 p    
   SDF-PS 0.99  SDF-PS 0.38    
   SSDF-PS 0.96  SSDF-PS 0.99    
   SUS-PS 0.57  SUS-PS 0.05 *    
   SUS/SDF-PS 0.89  SUS/SDF-PS 0.87    
   SSDF-SDF 0.99  SSDF-SDF 0.46    
   SUS-SDF 0.17  SUS-SDF 0.01 **    
   
SUS/SDF-
SDF 0.38  
SUS/SDF-
SDF 0.10    
   SUS-SSDF 
0.03 
*  SUS-SSDF 
<0.001 
***    






SSDF 0.21    
      
SUS/SDF-
SUS 0.88   
SUS/SDF-
SUS 0.09       
 
Table S-3 Pacific walrus sample collection data and analysis summary  Supporting information for 
harvested Pacific walrus livers were supplied by hunters. Not all samples have supporting location, 
date, age class, etc. Analyses included iPOC (from HBI data), bulk stable isotopes of carbon and 
nitrogen, and trophic level using baseline values from published suspended particulate organic matter 
(SPOM), surface sediments (SS) and Macoma calcarea (MC; primary consumer) data. 


















49567 male unknown 9/24/1997 Bristol Bay Round Island 0.82 -16.8 14.5 3.1 - - 
UAM:Mamm:
49566 male unknown 9/24/1997 Bristol Bay Round Island -0.2 -15.8 14.5 3.1 - - 
UAM:Mamm:
49570 male unknown 9/27/1997 Bristol Bay Round Island 2.86 -16.1 14.4 3.1 - - 
UAM:Mamm:
49573 male unknown 9/27/1997 Bristol Bay Round Island 0.82 -16.8 14.3 3.0 - - 
UAM:Mamm:




49569 male unknown 9/27/1997 Bristol Bay Round Island 1.84 -16 15 3.2 - - 
UAM:Mamm:
49575 male unknown 9/29/1997 Bristol Bay Round Island 1.84 -17 13.9 2.9 - - 
UAM:Mamm:
49576 male unknown 9/29/1997 Bristol Bay Round Island 5.92 -16.3 14.3 3.0 - - 
UAM:Mamm:
49577 male unknown 9/29/1997 Bristol Bay Round Island 1.84 -16 14.5 3.1 - - 
UAM:Mamm:
49571 male unknown 9/29/1997 Bristol Bay Round Island 1.84 -16.1 15.3 3.3 - - 
UAM:Mamm:
49572 male unknown 9/29/1997 Bristol Bay Round Island 15.1 -16 15 3.2 - - 
UAM:Mamm:
49574 male unknown 9/29/1997 Bristol Bay Round Island -0.2 -16.1 14.4 3.1 - - 
NSB:07w021 
unkno
wn unknown 2008 Chukchi Sea Utqiaġvik 72.22 -18.9 14.2 3.5 3.0 3.4 
NSB:08w02 
unkno
wn unknown 2008 Chukchi Sea Utqiaġvik 74.26 -19.1 14.2 3.5 3.0 3.4 
NSB:08W05 
unkno




wn unknown 2008 Chukchi Sea Utqiaġvik 74.26 -18.1 15.3 3.8 3.4 3.7 
NSB:09WW3 
unkno
wn unknown 2008 Chukchi Sea Wainwright 55.9 -19.2 14.6 3.6 3.1 3.5 
NSB:09W1 male adult 7/11/2009 Chukchi Sea Utqiaġvik 45.7 -19.5 17 4.3 3.9 4.2 
NSB:09W2 female adult 7/17/2009 Chukchi Sea Utqiaġvik 54.88 -18.3 14.3 3.6 3.1 3.4 
NSB:2010W2 
unkno
wn unknown 2010 Chukchi Sea Utqiaġvik 76.3 -18.5 14.2 3.5 3.0 3.4 
NSB:2010W7 female calf 9/30/2010 Chukchi Sea Utqiaġvik 63.04 -21.2 15.3 3.8 3.4 3.7 
NSB:2010W4 male calf 7/17/2010 Chukchi Sea Utqiaġvik 59.98 -18.5 15 3.8 3.3 3.6 
NSB:2010W5 male calf 9/30/2010 Chukchi Sea Utqiaġvik 62.02 -20.1 16.7 4.3 3.8 4.1 
NSB:2011W2 female adult 8/6/2011 Chukchi Sea Utqiaġvik 58.96 -19 13.3 3.3 2.8 3.1 
NSB:2011W6 male adult 2011 Chukchi Sea Utqiaġvik 43.66 -18.6 15.4 3.9 3.4 3.8 




wn unknown 2011 Chukchi Sea Utqiaġvik 12.04 -19 15.7 4.0 3.5 3.9 
NSB:2012W2 male adult 7/10/2012 Chukchi Sea Utqiaġvik 43.66 -19.4 13.5 3.3 2.8 3.2 
NSB:2012W1 male adult 7/10/2012 Chukchi Sea Utqiaġvik 32.44 -18.2 15 3.8 3.3 3.6 
NSB:BRW_W
ALRUS12 male adult 7/31/2012 Chukchi Sea Utqiaġvik 29.38 -19.3 13.8 3.4 2.9 3.3 
NSB:2012W0
4 female adult 7/10/2012 Chukchi Sea Utqiaġvik 32.44 -18.3 14.7 3.7 3.2 3.6 
NSB:2012W0
6 female calf 8/3/2012 Chukchi Sea Utqiaġvik 22.24 -18.7 16.1 4.1 3.6 4.0 
NSB:2012W0
3 female adult 7/10/2012 Chukchi Sea Utqiaġvik 37.54 -19.1 14 3.5 3.0 3.4 
NSB:2012W




WW2 female adult 6/24/2012 Chukchi Sea Wainwright 43.66 -18.5 14.3 3.6 3.1 3.4 
NSB:2013W2
7 female adult 7/26/2013 Chukchi Sea Utqiaġvik 61 -18.7 13.9 3.4 2.9 3.3 
NSB:WALRU
S34 female calf 10/3/2014 Chukchi Sea Point Lay 75.28 -20.2 15.9 4.0 3.5 3.9 
NSB:WALRU
S29 male calf 10/3/2014 Chukchi Sea Point Lay 66.1 -19 15 3.8 3.3 3.6 
NSB:WALRU
S22 male calf 10/3/2014 Chukchi Sea Point Lay 71.2 -18.5 16.9 4.3 3.8 4.2 
NSB:WALRU
S31 male calf 10/3/2014 Chukchi Sea Point Lay 95.68 -19.1 16.3 4.1 3.6 4.0 
NSB:WALRU
S32 male calf 10/3/2014 Chukchi Sea Point Lay 81.4 -18.8 15.5 3.9 3.4 3.8 
NSB:2014W2
3 male adult 7/12/2014 Chukchi Sea Peard Bay 40.6 -19.8 13.8 3.4 2.9 3.3 
NSB:2014W2
5 female adult 7/12/2014 Chukchi Sea Peard Bay 65.08 -18.3 13.9 3.4 2.9 3.3 
NSB:2014W2
4 female adult 7/12/2014 Chukchi Sea Peard Bay 49.78 -18.9 14.3 3.6 3.1 3.4 
UAM:Mamm:
116521 female adult 5/18/2012 
Northern 
Bering Gambell 57.94 -18.2 13.4 2.4 2.4 3.0 
UAM:Mamm:
131798 female adult 5/14/2016 
Northern 
Bering Savoonga 29.38 -13.2 12.8 2.2 2.2 2.9 
UAM:Mamm:
125304 male adult 5/18/2012 
Northern 




wn calf 5/13/2003 
Northern 
Bering Savoonga 25.3 -16.4 15.5 3.0 3.0 3.6 
UAM:Mamm:
131800 male calf 5/13/2014 
Northern 
Bering Savoonga 26.32 -17.7 13.1 2.3 2.3 2.9 
UAM:Mamm:
84825 female unknown 5/1/2002 
Northern 
Bering Diomede 6.94 -16.6 14 2.5 2.6 3.2 
UAM:Mamm:
84828 female unknown 5/1/2002 
Northern 
Bering Diomede 7.96 -17 15 2.8 2.9 3.5 
UAM:Mamm:
101094 female adult 5/19/2002 
Northern 
Bering Savoonga 29.38 -17.3 13.8 2.5 2.5 3.1 
UAM:Mamm:
99972 female adult 5/13/2003 
Northern 
Bering Savoonga 46.72 -16.6 12.7 2.1 2.2 2.8 
UAM:Mamm:
99990 female adult 5/17/2003 
Northern 
Bering Gambell 44.68 -16 13.1 2.3 2.3 2.9 
UAM:Mamm:
99989 female adult 5/17/2003 
Northern 
Bering Gambell 48.76 -16.5 13 2.2 2.3 2.9 
UAM:Mamm:
97942 male adult 5/1/2004 
Northern 
Bering Diomede 3.88 -17.1 14.6 2.7 2.7 3.4 
UAM:Mamm:
97916 female adult 5/1/2004 
Northern 
Bering Diomede 16.12 -17.8 14.2 2.6 2.6 3.3 
UAM:Mamm:
97936 male adult 5/1/2004 
Northern 
Bering Diomede 0.82 -17.5 14.9 2.8 2.8 3.5 
UAM:Mamm:














recorded 41.62 -17.1 13.4 2.4 2.4 3.0 
UAM:Mamm:





recorded 17.14 -19.3 14.6 2.7 2.7 3.4 
UAM:Mamm:
116559 female unknown 5/8/2012 
Northern 
Bering Gambell 20.2 -18.1 12.6 2.1 2.1 2.8 
UAM:Mamm:
116520 female unknown 5/9/2012 
Northern 
Bering Gambell 33.46 -17 12.4 2.1 2.1 2.7 
UAM:Mamm:
116495 female unknown 5/12/2012 
Northern 
Bering Gambell 36.52 -18.3 12.2 2.0 2.0 2.7 
UAM:Mamm:
117033 female unknown 5/13/2012 
Northern 
Bering Gambell 39.58 -16.6 13 2.2 2.3 2.9 
UAM:Mamm:
116679 female unknown 5/13/2012 
Northern 
Bering Gambell 22.24 -18.8 13.4 2.4 2.4 3.0 
UAM:Mamm:
116519 female unknown 5/13/2012 
Northern 
Bering Gambell 73.24 -18.8 13 2.2 2.3 2.9 
UAM:Mamm:
116372 female unknown 5/13/2012 
Northern 
Bering Gambell 40.6 -18.4 13.6 2.4 2.4 3.1 
UAM:Mamm:
116445 female unknown 5/13/2012 
Northern 
Bering Gambell 53.86 -18.3 13.7 2.4 2.5 3.1 
UAM:Mamm:
116748 female unknown 5/13/2012 
Northern 
Bering Gambell 17.14 -18.8 12.8 2.2 2.2 2.9 
UAM:Mamm:
116478 female unknown 5/13/2012 
Northern 
Bering Gambell 35.5 -17.6 14.5 2.7 2.7 3.4 
UAM:Mamm:
116663 male unknown 5/17/2012 
Northern 
Bering Savoonga 29.38 -17.9 13.1 2.3 2.3 2.9 
UAM:Mamm:
116581 female unknown 5/17/2012 
Northern 
Bering Gambell 63.04 -19 13.8 2.5 2.5 3.1 
UAM:Mamm:
116497 female unknown 5/17/2012 
Northern 
Bering Gambell 35.5 -18.7 12.6 2.1 2.1 2.8 
UAM:Mamm:
116637 male unknown 5/17/2012 
Northern 
Bering Savoonga 21.22 -17.8 12.7 2.1 2.2 2.8 
UAM:Mamm:
116465 female unknown 5/18/2012 
Northern 
Bering Savoonga 25.3 -18.2 12.9 2.2 2.2 2.9 
UAM:Mamm:
116446 female unknown 5/18/2012 
Northern 
Bering Gambell 42.64 -17.8 14.5 2.7 2.7 3.4 
UAM:Mamm:
116487 male unknown 5/18/2012 
Northern 
Bering Diomede 7.96 -17.1 13.6 2.4 2.4 3.1 
UAM:Mamm:
116616 male unknown 5/18/2012 
Northern 
Bering Diomede 14.08 -17.8 12.7 2.1 2.2 2.8 
UAM:Mamm:
116498 female unknown 5/18/2012 
Northern 
Bering Savoonga 48.76 -19.5 12.9 2.2 2.2 2.9 
UAM:Mamm:
116339 female unknown 5/18/2012 
Northern 
Bering Savoonga 69.16 -17.6 13.2 2.3 2.3 3.0 
UAM:Mamm:
116615 male unknown 5/18/2012 
Northern 
Bering Gambell 2.86 -17.6 15.2 2.9 2.9 3.6 
UAM:Mamm:
116462 female unknown 5/18/2012 
Northern 
Bering Gambell 49.78 -17.6 13.6 2.4 2.4 3.1 
UAM:Mamm:
116749 female unknown 5/18/2012 
Northern 




116560 male unknown 5/18/2012 
Northern 
Bering Hooper Bay 14.08 -18.6 15.3 2.9 2.9 3.6 
UAM:Mamm:
116648 male unknown 5/18/2012 
Northern 
Bering Savoonga 3.88 -18 12.9 2.2 2.2 2.9 
UAM:Mamm:
116562 female unknown 5/18/2012 
Northern 
Bering Hooper Bay 4.9 -18.3 15.2 2.9 2.9 3.6 
UAM:Mamm:
117085 male unknown 5/19/2012 
Northern 
Bering Savoonga 12.04 -18.4 12.3 2.0 2.1 2.7 
UAM:Mamm:
116747 male unknown 5/19/2012 
Northern 
Bering Savoonga 31.42 -18 12.6 2.1 2.1 2.8 
UAM:Mamm:
116511 female unknown 5/19/2012 
Northern 
Bering Savoonga 58.96 -19.7 13.5 2.4 2.4 3.1 
UAM:Mamm:
116662 female unknown 5/20/2012 
Northern 
Bering Savoonga 62.02 -18.1 13.8 2.5 2.5 3.1 
UAM:Mamm:
125311 male adult 5/3/2014 
Northern 
Bering Savoonga 25.3 -18.1 12.9 2.2 2.2 2.9 
UAM:Mamm:
125305 male adult 5/3/2014 
Northern 
Bering Savoonga 50.8 -17.6 12.3 2.0 2.1 2.7 
UAM:Mamm:
125290 male adult 5/4/2014 
Northern 
Bering Gambell 63.04 -17.6 13.1 2.3 2.3 2.9 
UAM:Mamm:
125307 male unknown 5/4/2014 
Northern 
Bering Savoonga 43.66 -17.8 12.5 2.1 2.1 2.8 
UAM:Mamm:
125314 male calf 5/4/2014 
Northern 
Bering Savoonga 29.38 -18.5 13.1 2.3 2.3 2.9 
UAM:Mamm:
125322 male unknown 5/4/2014 
Northern 
Bering Savoonga 36.52 -17.9 13.6 2.4 2.4 3.1 
UAM:Mamm:
125328 female unknown 5/4/2014 
Northern 
Bering Savoonga 65.08 -18.1 14.1 2.6 2.6 3.2 
UAM:Mamm:
125291 female adult 5/4/2014 
Northern 
Bering Gambell 58.96 -18 14.3 2.6 2.6 3.3 
UAM:Mamm:
125292 female adult 5/4/2014 
Northern 
Bering Gambell 70.18 -18.7 14.2 2.6 2.6 3.3 
UAM:Mamm:
125324 male adult 5/4/2014 
Northern 
Bering Savoonga 61 -17.9 13 2.2 2.3 2.9 
UAM:Mamm:
125325 male adult 5/4/2014 
Northern 
Bering Savoonga 29.38 -17.4 13.1 2.3 2.3 2.9 
UAM:Mamm:
125327 male adult 5/4/2014 
Northern 
Bering Savoonga 29.38 -17.8 13.4 2.4 2.4 3.0 
UAM:Mamm:
125321 male unknown 5/4/2014 
Northern 
Bering Savoonga 17.14 -17.4 12.4 2.1 2.1 2.7 
UAM:Mamm:
125288 male adult 5/4/2014 
Northern 
Bering Gambell 57.94 -18.8 13 2.2 2.3 2.9 
UAM:Mamm:
125293 female adult 5/4/2014 
Northern 
Bering Gambell 61 -19.7 13.8 2.5 2.5 3.1 
UAM:Mamm:
125323 male adult 5/4/2014 
Northern 
Bering Savoonga 23.26 -18.1 12.5 2.1 2.1 2.8 
UAM:Mamm:
125319 male adult 5/11/2014 
Northern 




wn adult 5/16/2014 
Northern 
Bering Savoonga 44.68 -18.4 13.3 2.3 2.4 3.0 
UAM:Mamm:
125330 male adult 5/16/2014 
Northern 




125301 male adult 5/16/2014 
Northern 
Bering Savoonga 36.52 -17.9 12.7 2.1 2.2 2.8 
UAM:Mamm:
125317 male unknown 5/16/2014 
Northern 
Bering Savoonga 40.6 -18.4 13.2 2.3 2.3 3.0 
UAM:Mamm:
125289 female adult 5/17/2014 
Northern 
Bering Gambell 79.36 -19.3 13.1 2.3 2.3 2.9 
UAM:Mamm:
125316 male adult 5/22/2014 
Northern 
Bering Savoonga 50.8 -17.7 11.9 1.9 1.9 2.6 
UAM:Mamm:
125310 male adult 5/22/2014 
Northern 
Bering Savoonga 17.14 -17.4 12.2 2.0 2.0 2.7 
UAM:Mamm:
125312 male unknown 5/22/2014 
Northern 
Bering Savoonga 10 -17.8 13.2 2.3 2.3 3.0 
UAM:Mamm:
125318 male adult 5/22/2014 
Northern 
Bering Savoonga 58.96 -17.1 12.2 2.0 2.0 2.7 
UAM:Mamm:
125320 male adult 5/22/2014 
Northern 
Bering Savoonga 55.9 -18.3 13 2.2 2.3 2.9 
UAM:Mamm:
125302 male calf 5/22/2014 
Northern 
Bering Savoonga 36.52 -16.8 12.9 2.2 2.2 2.9 
UAM:Mamm:
125308 male adult 5/22/2014 
Northern 
Bering Savoonga 44.68 -17.4 12.3 2.0 2.1 2.7 
UAM:Mamm:
125306 female unknown 5/22/2014 
Northern 
Bering Savoonga 72.22 -16.6 13.5 2.4 2.4 3.1 
UAM:Mamm:
125287 female unknown 5/25/2014 
Northern 
Bering Gambell 46.72 -15.3 12.4 2.1 2.1 2.7 
UAM:Mamm:
131795 male adult 5/10/2015 
Northern 
Bering Savoonga 24.28 -17.9 13 2.2 2.3 2.9 
UAM:Mamm:
131818 female adult 4/20/2016 
Northern 
Bering Gambell 35.5 -18.9 14 2.5 2.6 3.2 
UAM:Mamm:
131822 female adult 4/20/2016 
Northern 
Bering Gambell 76.3 -18 15.6 3.0 3.0 3.7 
UAM:Mamm:
131819 female adult 4/20/2016 
Northern 
Bering Gambell 72.22 -18.8 14.5 2.7 2.7 3.4 
UAM:Mamm:
131821 female adult 4/20/2016 
Northern 
Bering Gambell 45.7 -19.5 13.9 2.5 2.5 3.2 
UAM:Mamm:
131817 female adult 4/21/2016 
Northern 
Bering Gambell 36.52 -19.3 14.1 2.6 2.6 3.2 
UAM:Mamm:
131816 female adult 4/29/2016 
Northern 
Bering Gambell 57.94 -17.9 13.5 2.4 2.4 3.1 
UAM:Mamm:
131806 male adult 5/11/2016 
Northern 
Bering Savoonga 8.98 -18.1 12.7 2.1 2.2 2.8 
UAM:Mamm:
131799 male adult 5/11/2016 
Northern 
Bering Savoonga 27.34 -17.8 13 2.2 2.3 2.9 
UAM:Mamm:
131804 male adult 5/11/2016 
Northern 
Bering Savoonga 55.9 -18.2 12.7 2.1 2.2 2.8 
UAM:Mamm:
131803 male adult 5/11/2016 
Northern 
Bering Savoonga 16.12 -17.8 13.4 2.4 2.4 3.0 
UAM:Mamm:
131824 female adult 5/12/2016 
Northern 
Bering Gambell 28.36 -17.7 14.7 2.7 2.8 3.4 
UAM:Mamm:
131823 female adult 5/12/2016 
Northern 
Bering Gambell 37.54 -18.4 15 2.8 2.9 3.5 
UAM:Mamm:
131820 female calf 5/13/2016 
Northern 




Method for phytoplankton sterol extraction 
Prior to the lipid extraction (see Chapter 2) of surface sediments collected in 2012-
2019, 10 µL of 0.01 mg mL-1 cholesterol-d6 and 5α-androstan-3β-ol was added as internal 
standards for sterol quantification. Once the HBIs were eluted during the open column 
chromatography, I moved the column to a clean vial to elute the polar sterols retained in the 
column using a methanol rinse, which was repeated three times. The extracts were then dried 
under a gentle nitrogen stream. Once dried, 50 µL of DCM was added twice to the vial and 
transferred by syringe into a GC vial. Prior to analysis, 25 µL of BSTFA was added to 
UAM:Mamm:
131814 female adult 5/13/2016 
Northern 
Bering Gambell 37.54 -18 14.1 2.6 2.6 3.2 
UAM:Mamm:
131796 male adult 5/14/2016 
Northern 
Bering Savoonga 16.12 -18.5 12.5 2.1 2.1 2.8 
UAM:Mamm:
131805 male adult 5/14/2016 
Northern 
Bering Savoonga 25.3 -18.8 13.2 2.3 2.3 3.0 
UAM:Mamm:
131808 male adult 5/14/2016 
Northern 
Bering Savoonga 20.2 -18.7 12.5 2.1 2.1 2.8 
UAM:Mamm:
131807 male adult 5/14/2016 
Northern 
Bering Savoonga 18.16 -18.5 12.5 2.1 2.1 2.8 
UAM:Mamm:
131809 male adult 5/14/2016 
Northern 
Bering Savoonga 18.16 -17.6 12.4 2.1 2.1 2.7 
UAM:Mamm:
131797 male adult 5/14/2016 
Northern 
Bering Savoonga 28.36 -17.8 12.4 2.1 2.1 2.7 
UAM:Mamm:
131802 male adult 5/20/2016 
Northern 
Bering Savoonga 24.28 -17.8 12.4 2.1 2.1 2.7 
UAM:Mamm:
131810 male adult 5/20/2016 
Northern 
Bering Savoonga 23.26 -18.1 13.6 2.4 2.4 3.1 
UAM:Mamm:
131811 male adult 5/20/2016 
Northern 
Bering Savoonga 34.48 -18.3 13.5 2.4 2.4 3.1 
UAM:Mamm:
125315 female adult 5/6/2014 
Northern 
Bering Savoonga 31.42 -18.2 13.4 2.4 2.4 3.0 
UAM:Mamm:
116496 female unknown 5/18/2012 
Northern 
Bering Gambell 31.42 -13.2 12.8 2.2 2.2 2.9 
UAM:Mamm:
131801 male calf 5/14/2016 
Northern 
Bering Savoonga 23.26 -18 11.9 1.9 1.9 2.6 
UAM:Mamm:
131813 female adult 5/14/2016 
Northern 
Bering Savoonga 17.14 -16.4 15.5 3.0 3.0 3.6 
UAM:Mamm:
131815 female adult 5/14/2016 
Northern 
Bering Gambell 34.48 -17.7 13.1 2.3 2.3 2.9 
*Samples with unknown sex, age class, or specific date were only used for broad comparisons 
among regions.      
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derivatize the sterols and placed on a heating block at 70°C for one hour.  Sterols were 
analyzed using an Agilent 7890A coupled to a 5975 series mass selective detector (MSD) 
with an Agilent DB5-ms column (30 m x 0.25 mm x 0.25 µm). Sample injection (1 µL) was 
run in splitless mode and helium was used as carrier gas. The GC oven was programmed to 
heat from 60°C to 150°C at 15°C min-1, then at 3°C min-1 to 320°C and held for 20 minutes. 
brassicasterol (24-methylcholesta-5,22E-dien-3β-ol), dinosterol (4α,23,24-trimethyl-5α-
cholest-22E-en-3β-ol), and cholesterol-d6 were identified based on their retention times 
relative to a standard for n-alkanes in selective ion monitoring mode. Molecular ions m/z 470, 
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